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FOREWORD 


The Quiet Clean Short-haul Experimental Engine (QCSEE) Program is 
currently being conducted by the General Electric Company , Aircraft Engine 
Group under NASA Contract NASJ-18021. The preliminary design work was per- 
formed under the direction of the NASA Project Manager, Mr. Raymond J. Rulis, 
Lewis Research Center. 

This report covers the preliminary design effort of under-the-wing (UTW) 
and over-the-wing (OTW) propulsion systems. Preliminary designs of experi- 
mental and flight versions of both propulsion systems were completed during 
the first six months of the contract, and an oral review of the design? was 
conducted at Lewis Research Center on June 25 and 26, 1974. 

The preliminary design phase was approved by the NASA Project Manager on 
July 3, 1974, permitting the program to proceed through the detail design 
phase. 

The report is covered in two vclumes plus a separate appendix (Appendix 
B) containing information for government use only. 
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SECTION 2.0 


SUMMARY 


The QCSEE Program has progressed through the planning and preliminary 
design phases, resulting in the definition of specific propulsion system 
configurations that are expected to meet all of the stated program objectives. 
This report describes the experimental propulsion systems to be built and 
tested in the program, as well as the ultimate flight systems that could grow 
out of the program in the post 1978 time period. 

Certain compromises are planned to control cost of the experimental pro- 
gram. The contractor testing will be limited in duration with further testing 
to be conducted by NASA at Lewis Research Center. Also, material substitutions 
and "boiler plate" components are specified in certain areas to reduce program 
cost. However, these areas have been carefully selected such that these com- 
ponents will not adversely effect key technology areas. 


2.1 PROGRAM OBJECTIVES 


The major purpose of the QCSEE Program is to develop and demonstrate the 
technology required for propulsion systems for quiet, clean, and economically 
viable commercial short-haul aircraft. This comprehensive program includes 
the following objectives: 

• To develop the propulsion system technology which will permit a 
short-haul aircraft, powered by four engines with a total installed 
thrust of 403,000 N (90,000 lb), to achieve the system noise goal of 
95 EPNdB along a 152 m (500 ft) sideline and to minimize the ground 
area (footprint) exposed to objectionable noise levels. 

• To demonstrate a propulsion system which will meet advanced pollution 
goals under all operating conditions. 

• To develop the technology for very high bypass ratio engines with 
quiet low pressure ratio geared variable-pitch fans. 

• To develop the technology required to meet propulsion system perfor- 
mance, control, weight, and operational characteristics. 

• To develop the material, design, and fabrication technology for quiet 
propulsion systems which will yield engine designs which have an 
uninstalled thrust-to-weight ratio greater than 6 to 1; and installed 
thrust-to-weight ratios greater than 3.5 to 1. 

• To develop the technology which will yield engine thrust response 
characteristics required for powered lift operations. 
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SECTION 1.0 


INTRODUCTION 


The Quiet Clean Short-haul Experimental Engine Program provides for the 
design, fabrication, and testing of experimental, high-bypass, geared turbofan 
engines and propulsion systems for short-haul passenger aircraft. The overall 
objective of the program is to develop the propulsion technology required for 
future externally blown flap types of aircraft with engines located both 
under-the-wing and over-the-wing . This technology encompasses the following 
elements : 


• Variable-pitch and fixed-pitch fans 

• Geared fans 

• Low noise 

• Low exhaust emissions 

• High thrust-to-weight ratio 

• Composite fan blades 

• Composite fan frames 

• Lightweight low drag nacelles 

• Digital electric controls 

• Thrust reverse means 

• Rapid response 

• Low fan pressure ratio, low fuel consumption cycles 



To provide the technology which will permit the design of quiet, 
efficient, lightweight thrust reversing systems for powered lift 

aircraft. 

To provide the technology to permit the design of integrated engine 
and nacelle installations which will be tolerant to aerodynamic dis- 
tortion expected with operating flight conditions such as ^^good’ 
winds, large angles of attack, and side slip, and still prov 
cruise performance* 

To provide the digital electronic engine control technologyrequired 
to improve engine and fan pitch control, thrust response.operatona 
monitoring, and to relieve the pilot’s workload especially during 
powered lift flight operations in the terminal area. 


2.2 SPECIFIC TECHNICAL OBJECTIVES 

The following specific design objectives have been established for flight 
and experimental UTW and OTW propulsion systems: 


2.2.1 Noise 


The UTW and OTW experimental engines 
objectives on the basis of four-engined. 


shall be designed to meet noise 
403,000-N (90,000-lb) thrust aircraft. 


Takeoff and approach - 95 EPNdB 6 152 m (500 ft) SL 
Max Reverse Thrust* - 100 PNdB <3 152 m (500 ft) SL 

* 35% Max Forward thrust 


The two conceptual flight design engines will meet these seme noise objec- 
tives when* installed on a typical short-haul commercial aircraft. 

The design shall also minimize the acoustic footprints for both engines. 

Methods for scaling engine noise, adjusting to flight conditions, and 
including wing/flap interaction effects are specified In Appendix A. 


2.2.2 Pollution 

The engines shall be designed to meet the exhaust emission standards 
specified for 1979 aircraft by the EPA. 


2.2.3 Thrust-to-Weight 

The experimental engines shall be designed to meet the following thrust 
and thrust- to-weight objectives. 
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UTW 


Uninstalled Installed 


OTW 

Uninstalled Installed' 


Thrust 


Thrust/wt. 


81,000 N 77,200 N 
(18,300 lb) (17,400 lb) 


93,200 N 
(21,000 lb) 


90,000 N 
(20,300 lb) 


6.2 4.3 


7.4 4.7 


Uninstalled thrust includes all engine Internal pressure losses up to the 
nozzle throat; installed thrust Includes additional losses due to inlet ram 
recovery and core cowl scrubbing drag. 

Uninstalled weight includes the dry weight of all engine components and 
engine accessories. Installed weight includes the following additions: 

e Inlet and inlet anti— icing system 

• Exhaust ducts, nozzles, and thrust reverser 

• Fan duct and splitter 

• Engine Mounts to interface with pylon 

e Thrust Reverser and nozzle controls and hydraulic system 

• Fire detection and extinguishing system 

• Drains, vents, and oil cooler 

• Instrumentation 

Thrust/weight shall be representative of a flight engine design. This shall 
include analytical predicted flight weight of all boiler plate and nonflight 
design components. 


2.2.4 Thrust Reversal 


The UTW and OTW propulsion systems shall provide the following thrust 
reversal capability: 

• Operation down to 5.144 m/sec (10 knots) 

• Max. forward to max. reverse thrust transient 

in less than 1.5 seconds 

• At least 35% static takeoff thrust in reverse 

• Noise levels as specified in Section 2.2.1 


2.2.5 Engine Bleed 

The engines shall be capable of safely providing up to 13% engine core 
bleed. 


2.2.6 Power Extraction 

The engines shall be capable of supplying a minimum of 1640 W/4448 N (2.2 
horsepower per 1000 lb) of installed thrust for customer takeoff power. 
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2.2.7 Dynamic Thrust Response 

The engine thrust response shall be designed to meet an acceleration from 
62% to 95% thrust in one second [sea level to 1830 m (6000 ft) altitude]. 


2.2.8 Distortion Tolerance 


The engine shall be capable of satisfactory operation at inlet upwash 
angles of 0 to 50°, with 18 m/sec (35 knot) 90° crosswinds. 


2.2.9 Oil Consumption 

Engine oil consumption shall not exceed 0.906 kg/hr (2 lb /hr). 


2.2.10 Dumping 

No fuels or lubricants shall be dumped. 


2.2.11 General Design Criteria 

In addition to the specific objective listed above, the flight engines 
shall meet the following general criteria: 

1. The propulsion system shall be designed for ground static, wind 
tunnel, and altitude chamber operation. 

2. The propulsion system shall be designed for flight operation except 
in specific areas where nonflight hardware can be used to save costs. 

3. Propulsion system characteristics, such as temperatures, specific fuel 
consumption, and overall pressure ratio shall be selected to be appro- 
priate for sh *t-haul commercial aircraft. 

4. All propulsion system components shall be designed for life which is 
compatible with expected commercial short-haul operation. 

5. The propulsion system control system shall be designed with digital 
logic and signal paths capable of interfacing with an aircraft on- 
board flight digital computer. The control system shall be designed 
to provide selectable programmed power management and failure indica- 
tion and/or corrective action over the entire propulsion system oper- 
ating envelope . 

6. The propulsio systems shall be designed with the objective of 
achieving high performance, but it is not essential that hardware 
development be carried to the point where ultimate performance is 
achieved lor the experimental propulsion systems. The Contractor 
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a'Vr * hatbia analytical extrapolation of performance data 
that £!iiat? evel ? ped p * opulaion system is reasonably accurate, and 
oiLi i V f? tlona in Performance do not significantly affect acoustic 
or pollution characteristics of the experimental propulsion system. 

Nacelles shall be designed with the following features: 

contouTof SSTSSl!* eXt6rnal aerod ^ ic 

Accurate acoustic representation of flight-type designs. 

fUel * 0il * co °li“8» fire detection and prevention, 
systems! lnatrufflentalon systems required to test the propulsion 


2 , 

3. 


4. Convenient access for maintenance, 
feature.: Pr ° PUiSl0n * 7 *““ shal1 b * the following maintenance 


The engine shall be easily removable from the nacelle without 
qu r ng removal of the fan exhaust duct once it is installed. 

8 ? all 4 be capable of bein S trimmed on a test stand with 
no additional trimming required if installed on an aircraft. 

Accessories shall be located for easy inspection. 

removal to borescop ® p °*ts shall be provided without requiring 
removal of any engine component* * 

Any propulsion system accessory shall be replaceable in 45 minutes. 

Fans shall have an even number of blades, and blades shall be capable 
of rapid inspection and replacement. capable 

7. Modular construction is desired to facilitate maintenance. 

The propulsion systems shall be designed to perform within th*» fn.u 
mane uve r fo r ees envelope per MIL-E-5007C data December 30 , 1965 , paragraph 

rate8? CePti ° n c<mdUlon8 ° f ““P-H flight maneuver and 


1 . 

2 . 

3. 

4. 

5. 

6 . 


2.3 OPERATING REQUIREMENTS 

fr“ iC ohjectivee and general criteria are further 
pllfled by the following propulelon system operating requirements. 
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2.3.1 Life and Duty Cycle 

The engines shall be designed for a useful life of ™ non u 

15 year period, based on the typical 403 it* mn 4 ? ? 6 ’ 000 hours °ver a 

Table 2-1. typical «0J km (250 mile) mission cycle shown in 


Segmen t 
Start 
Idle-Taxi 
Takeoff 
Climb 
Cruise 
Descent 
(Approach 
Reverse Thrust 
Idle-Taxi 


Table 2-1. Flight Duty Cycle. 


Altii 

km 

tude 

ft 

Mach No. 

% Power 

Time 

(Min) 

«y mi _ 

0 

0 

0 


1 11X11 J 

0.5 

4 Time 

l.n 

0 

0 

0 

4-20 

3.1 

6.89 

0 

0 

0-12 

100 

1.22 

2.71 

0-7.02 

0-23K 

0.3-0. 5 

Max . Cont 

10.0 

22.22 

6.41-7.63 

21-25K 

j 0.65-0.74 

Max. Cr 

14.0 

31.11 

7.02-0.3048 

23-1K 

0. 7-0.4 

F.I. 

10.0 

22.22 

0.3048-0 

1K-0 

0.12 

65 

3.0 

6.67 

0 

0 

0.12-0 

Max. Rev 

0.08 

0.18 

0 

0 

j. 

0 

4-20 

3.1 

45.0 

6.89 

100 


checkout cycles to full p^?' °" 48 ’°° 0 101881011 c ^ les I*» 1000 gro-and 

sho™ T J„ e ags ti r u8hout the «**» — *>». 

Consideratlonwill en ? i " e - 

occur. The combustor shall meat c^rclalrell.h? 2* ^ ^ 8houl<i thls 

the flight envelope. commercial relight requirements as shown on 

meeting ^Ine must be capable of 

horsepower levels for sEort per Hl8h f “ 


jT ~:rv 









Table 2 

-II. Experimental Duty Cycle. 

% Np 

% Fan HP 

Time, 

hr 

% Time 

105 

100 

1 

0.04 

100 

140 

1 

0.04 

100 

130 

15 

0.56 

100 

110 

15 

0.56 

100 

100 

150 

5.59 

90 

80 

500 

18.64 

75 

50 

1000 

37.29 

30 

10 

1000 

37.29 



2682 

100.0 


2.3.2 Flight Maneuvers 

The engine and its supports shall withstand without permanent deformation 
the conditions specified on Figure 2-2. The calculated weight of the engine 
shall be increased by the specified weight allowed for all engine-mounted 
accessories. 

The engine and its supports shall be designed to not fail when subjected 
to static loads equivalent to 1.5 times the value specified above for metal 
parts and 3.0 times for composite parts. 

The engine shall be capable of withstanding loads caused by seizure of 
either rotor with deceleration from maximum rpm to zero rpm in one second. 

Composite parts shall be capable of withstanding unbalanced loads caused 
by loss of five adjacent composite fan blades at maximum rpm. Metal parts 
shall be capable of withstanding loss of one equivalent metal blade. 

2.3.3 Flight Attitudes 

The engine shall be capable of operating within the range of flight 
attitudes shown in Figure 2-3. 


2 . 4 UTW EXPERIMENTAL PROPULSION SYSTEM 


The UTW experimental engine system cross section is shown in Figure 2-4. 
The fundamental design criterion which established the unique shape of the 
engine is the fan cycle required to meet the noise objectives. Both the fan 
and core engine design pressure ratios were dictated by jet-flap noise con- 
straints. The fan contains 18 composite variable-pitch blades with flight 
weight disk and blade supporting system. The fan is capable of pitch change 
from forward to reverse thrust through either flat pitch or stall pitch. Two 
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(0 to Max* Thrust) 
±6 rad/sec ^ 


* ±1 rad/sec 


S.L. = 1.5 


Applicable to 
Complete 
Crosshatched 


Applicable to 
Complete Rectangle 
from 7 Up to n . 

10 Down Do * n 


l* Load factors and angular 
velocities and acceler- 
ations should be taken 
at or about the C.G. of 
the engine. 

2. -Side load factors (S.L.) 
act to either side. 

♦ | | 

3. 0 and 0 are pitching 
velocity and acceleration. 

4. ijf and are yawing 
velocity and acceler- 
ation. 

5. Down loads occur during 
pull out. 

3. Fore loads occur during 
arrested landing. 


Landing 

(0 to Max. Nonaugmented 
Thrust) 


T * I I 

4 3 2 1 


* i i*i ii i * 

345578 ? 10 


* 2.0 


±14 rad/sec ^ 
±6 rad/sec ^ 


Figure 2-2. QCSEE Design Loads. 
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blade actuation systems, harmonic drive and alternate ball bearing screw types 
are planned with motive power supplied by hydraulic motors. The actuation system 
is capable of providing 130 °/sec pitch change velocity at takeoff power. 

The fan frame is a flight-weight composite structure containing integral 
acoustic treatment, outer casing, containment, and fan tip treatment. Thirty- 
three integral outlet guide vanes also act as structural struts. The outer 
casing of the frame provides both inner and outer nacelle flow paths and also 
containment for failed airfoils. Core inlet flow path and mounts for the 
forward bearings, gears, radial drive, etc., are also integrally provided. 


nf 9 reduction gear consists of a six-star epicyclic system having a ratio 
of 2.465 and a 100% power rating of 9890 kw (13,256 horsepower). The core engine 
tod low pressure turbine, including the turbine frame and low pressure shaft, are 
F 101 components with necessary modifications as described in Section 11.0. 


Engine fuel flow, blade pitch angle, and exhaust nozzle area are controlled 
rTnf electric control, which modifies the fuel demand of a modified 

F 101 hydromechanical control. Major engine accessories are mounted on a 
boiler plate gearbox on top of the fan frame. 


The UTW experimental propulsion system consists of the engine as described 
above with added components to make up a complete nacelle package, as shown in 
Figure 2-5* The nacelle components include a lightweight composite hybrid 
inlet providing acoustic suppression by means of a high throat Mach number 
(0.79) and integral acoustic treatment. The composite fan duct, acoustic 
splitter, and core cowl are hinged from the pylon to provide access for engine 
maintenance. The core exhaust nozzle and nozzle plug are acoustically treated 
to reduce aft radiated noise. The fan exhaust nozzle is a variable-area, 
four-flap design capable of area change from takeoff to cruise, as well as 
opening to a flared position to form an inlet in the reverse thrust mode. The 
nozzle flaps are hydraulically actuated. 


2.5 UTW FLIGHT PROPULSION SYSTEM 

The UTW flight engine system cross section is shown in Figure 2-6. 
Differences from the experimental engine are primarily in material substitu- 
tions to save cost in this Program. For example, the following parts would 
be titanium rather than steel in a flight engine: fan shaft, gear carrier, 

and bearing support cones. The accessory gearbox would use a cast aluminum 
casing rather than fabricated steel, and several accessories such as oil tank, 
heat exchanger, filters, and pumps would be of optimized design rather than 
using available hardware. Several changes have also been postulated in the 
F101 core consistent with the lower QCSEE cycle compressor discharge pressure. 

The UTW flight propulsion system cross section is shown in Figure 2-7. 

Bleed manifolding would be added for the cabin air conditioning and anti-icing ’ 
systems and for any high-lift devices requiring engine bleed air. The flight 
system would include a flight-type fire detection and extinguishing system 
rather than test facility equipment. 







Both the experimental and flight UTW engines are top mounted from a 
pylon, with mounts on the fan frame and turbine frame. By opening bypass 
duct and core cowl, the engine and inlet can be removed from the pylon in the 
downward direction. A hinged accessory cover provides access to engine 
accessories located in front of the pylon. 


2.6 OTW EXPERIMENTAL PROPULSION SYSTEM 

The OTW experimental engine system cross section is shown in Figure 2-8. 
The fan contains 28 fixed-pitch titanium blades. The airfoil sections have 
been selected as suitable for composite construction in a flight configuration. 
The titanium fan disk incorporates a larger cross section than in a flight 
configuration because of greater weight of the metal blades. 

The OTW fan frame is structurally identical to the UTW frame. Differences 
occur in the areas of the blade tip passage and the flow splitter to meet fan 
aero requirements. 

The OTW reduction gear is similar to the UTW component, except that it 
contains eight star gears, has a gear ratio of 2.062 to match the higher rpm 
OTW fan to the F101 low pressure turbine, and is rated at 12,880 kw (17,214 
horsepower) . 

The OTW control system is identical with that of the UTW engine except 
for different programmed schedules for the different cycle, deletion of the 
variable pitch function, and actuation of a target thrust reverser instead of 
flare nozzle. 

The OTW experimental propulsion system is shown in Figure 2-9. In order 
to achieve a major cost saving by utilizing the same test cell, engine 
accessory system, and facilities, the OTW propulsion system is top mounted 
with the same accessory location as the UTW system. Thus the OTW experimental 
engine runs inverted compared to a flight installation. To reduce program 
cost, the nacelle components for the OTW system are of ’’boiler plate" 
construction with interchangeable acoustic treatment panels. Because of 
greater weight of these components, they are separately supported from the 
test stand with flexible joints at the fan frame interfaces. The OTW boiler 
plate nacelle components can also be used with the UTW flare nozzle to form a 
complete UTW installation. This will be done for initial UTW acoustic develop- 
mental testing. 

The OTW propulsion system incorporates a "D -shaped nozzle to spread the 
exhaust flow over the wing flaps. Nozzle area is varied by means of doors at 
the sides of the nozzle. A target-type thrust reverser is incorporated, 
deflecting the jet efflux forward and upward. To avoid impingement of the jet 
on the test facility and instrumentation lines, the nozzle will be inverted to 
exhaust forward and downward in the initial experimental engine tests. The 
exhaust nozzle will be rotatable about the engine centerline such that it can 
be installed in the upright, inverted, or 90° attitude as required for subse- 
quent NASA testing. 
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SECTION 3.0 


ACOUSTIC DESIGN 


3.1 SUMMARY 


The preliminary acoustic design of both the UTW and OTW engines has 
resulted in configurations which meet takeoff, approach, and reverse thrust 
noise goals. Table 3-1 summarizes the noise levels for each engine at the 
three design points. 


Table 3-1. Summary of UTW and OTW Noise Levels. 

• 400.34 Kilonewtons (90,000 Lbs) Thrust 

• 4 Engines 



Takeoff EPNdB 

Approach EPNdB 

Reverse 
Thrust PNdB 

UTW 

94.0 

91.5 

98.0 

OTW 

95.0 

90.5 

100.0 

Goal 

95.0 

95.0 

100.0 


The noise levels have been obtained by estimating unsuppressed noise from 
existing test data of similar fan and core configurations, suppressing the 
dominant engine noise sources with the advanced technology concepts to be 
developed under the QCSEE program, and extrapolating these levels to inflight 
conditions. Jet/flap noise was added to the engine noise levels to obtain 
total system or aircraft noise levels. 

The preliminary acoustic design effort has attempted to establish UTW 
and OTW engine configurations which have balanced suppression in the fan inlet 
fan exhaust, and core. To establish the balanced system suppression, detailed 
predictions have been made for these 10 different noise sources: 


1. Fan inlet 

2. Fan exhaust 

3. Turbine 

4. Combustor 

5. Compressor 


6 . Gears 

7. Flow 

8. Struts 

9. Splitter 

10. Jet /Flap 
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is appHed 8 to h ^r^T 8 ° u i rces wh J ch could re P rese nt noise floors, treatment 
system. d * th glne only t0 the extent which is beneficial to the total 

• < k !J 8Ure 3 ' 1 8 Uoma rize 8 the main acoustic features of the imf engine A 

t akL 5 t0a S 11 amhn inlet <M ■ °- 79 > *• ™>«1 *o Inlet « 

to^pr " 8 / le “ 8th e 1 “ al '» O.n fan diameters Is added 
rnt’nr^f f 1 nlet aolse 8u PPression at approach and in reverse thrust. The 
rotor- stator spacing is 1,5 tip chords. The vane-blade ratio was selected to 

£JrLLT nd t ha ^ niC n ? i8e ’ **“■* suppression utilizes Wr S outer 
A 101 6 cm°f40 in V& 1<^ 8 tbickness to obtain increased suppression bandwidth. 

T 4 ° 8plltter 18 required to obtain the desired aft suppression 

treated a conce rn in the aft duct is noise generated by flow over the 

Irtttti r T’ u Ut ! ^ 8plitter * To ^ep these sources below Ihe sup- 

the dUCt number is Halted to 0.45. Core suppression 

rediction vith tiling side : brancb resonator design for combustor noise 
the h-toK c th thinne r treated panels on the inner and outer walls to reduce 

to redS f £ equenay t ^ bine n °ise . Treatment is also applied in the core inlet 
to reduce forward radiated compressor noise. 

inlet F dfsi r L 3 ;f 8 y mmarizes the main OTW engine acoustic characteristics. The 

mtS ttl nV ? 83me 38 the UTW iQlet witb the treatment panels selected to 
*** tb spectrum. Due to more rotor blades with shorter chords the 

SafLcatiof iff ° ‘J** ° f the ^ engine since the vane design 

fj t f ocation l coinmon to both engines. This acoustic benefit, however 
is offset to some degree by the lower vane-blade ratio of the OTW engine In’ 

ment e i| hau ^ 3 shorter •PHtter is utilized because of increased^all treat- 
number if liStefto o il 1 ? 8 b T fltS * ** the UTW desi 8 n * the duct Mach 
components “Sin “he TO e££. * inCOrp ° ra “ 8 tha l » *“» ^ q uency 


3.2 


DESIGN REQUIREMENTS 


tnt . i 7 * 1 * * 0iSe re ? uirement s for both the UTW and OTW engine are specified as £ 

witf takeoff oraircraftnoise level at the operating conditions associated 

sje cifi^d °r rati ^* A reVer8C thru8t requirement is also 

Figure 3 3* sff f? lrcr ? ft conditiois * The se are shown graphically on 
r igure 3.3. Specific requirements are given in Tables 3-II and 3-III. 

nolse requirement is 95 EPNdB maximum on a 152.4 m (500 ft) side- 

2 61 " <20 ° J‘> — the engines at 100% list 

T 2J,f f l 5; P 8114 aircraft speed are given in Table 3-II. Also shown in 

3 re . i f e ! “f 1 ? of attack and upwash angles which must be accounted 
for with regard to fan inlet noise generation and high Mach inlet suppression. 

At approach, the noise requirement is the same as takeoff but the engine 
s operated at 654 thrust. Flap angles, defined in Table 3-II, however are 
increased for the powered-lift approach. 
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TREATED L/D a 0.74 



Figure 3-1. QCSEE UTW Engine. 






TREATED I/D = 0.74 



Figure 3-2. QCSEE OTW Engine - Preliminary Design. 





Table 3-III. 


Propulsion System Reverse Thrust 
Static Test Conditions. 


UTW Propulsion System 
Fan Blade Position 
Thrust 
Flap Angle 
Aircraft Speed 


Through Flat Pitch or Stall 
35% of SLS Takeoff 
0.524 radians (30°) 

0 m/sec (0 knots) 


OTW Propulsion System 
Thrust 
Flap Angle 
Aircraft Speed 


35% of SLS Takeoff 
0.524 radians (30°) 
0 m/sec (0 knots) 


05% ^ V mximll r “™^°drvfith 1 t^ t ^rcr«f™ a ™L^^^^, £Ul1 reverM thrust 

nS n purt 1 : r %“.n.* cco * pll * h * d by rever,ln « — 

a procedure'for^eterralnlnB «!r f* "? “f 8ured «atlc testing, 

established re p.r“^£*±fre« ^ fr °" Statlc dat * »“ been 

establishes thefoU^g? - m * |,r °“ d “ re « »“ Appends A, 


1. Jet/flap noise calculation procedure 
2e Extrapolation procedures 

3. Doppler shift correction 

4. Dynamic effect correction 

5. In-flight cleanup and upwash angle correction 

6. Relative velocity correction for jet/flap noise 

7. Fuselage shielding and OTW wing shielding 
8* PNdB to EPNdB calculation 

This procedure has been used In all noise estimates f„ r the OTW and OTW engines 


3 - 3 UTW PRELIMINARY DESIflM 


^y stem Acoustic Desi gn Considerations (UTW) 

the 1 based on 

engine Installed In an Ler“he!v£g co^reretSif ^ Jf ' ' T lb \ th ™' 
sources considered were m, 0 , * nriguration. The two major noise 

fan noise is primarily a function of 6 *** 1 #-4 6 ^ et ^ f ^ ap no * 8e * Forward radiated 
The data were no^llzej ^Treis £ f I S Appendix B). 

mental tone o£ 3150 Hz J5 frot^ . ^“"eight flow, a fan funda- 

correlation shoes that ’uX^esseTI^se S S/Sii"*; ^ 

reduced with lower tip speed, and further th«» rf* lBl 5 t quadrant can be 

<1200 ft/sec) avoid the Increased noise leveU due to^he imn'l th “ 366 n/sec 
associated with sunersonlr h« * if , e t0 the Multiple pure tones 

(950 f t/sec) , consistent^with^the^ther^nei^ 6 8pGed > 289 »'*** 

selected for the UTW fan. ^ ~ cycle requirements, was therefore 


pressure ratio (Figure*^^ Appendix*!!) ^"addlt! 1 *^ primar * ly with fan 
noise the fan pressure raUo^^"f Je!’ jL^ h^lL^t 1^“ 
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fan 8owcnS 8 r!eiel8 0 fnd Mnl^? r WaS selected i« order to reduce 

and exhaust. Wider rotor-OGV spacing would*!! ^ splltt ® rs ln the fan inlet 
The same reduction can also be achieved with P fl°? UCe ^ additlonal reduction. 

spacing?” 131161 additional 

in op^Mzing^he'fan^erformance^for^Mni^n^oise? 11 ^ ^ ° f flaxlb11 ^ 

second harmonic level^hich^^makes^ larae 8 ^^?*! minimize the fan tone 
levels. “ akeS a lar « e contribution to the perceived noise 

»hlch T ^Lrt I L 8 p^.«ed“^^ i SiS/ ea ae e5 *? ‘ he “™ Prell " i "^ Design 
above have produced an envine n rB n i * I * 16 ngine system trades discussed 

Of the program as well as the perform^ Z ^stl^ght'-regTr^S? 

3.3.2 T akeoff Noise Constituents 

Ohsuppressed noised doM^ed^^th^fa^i^^he ^ igUre 3 " 6 in bar chart form. 
Suppressed noise levels are balanced between aft <l uadr ants. 

aft quadrant and are controlled by the ief/fl^ f f° ^ Jet/fla P nolse ln the 
The constituent levels S a« L ! he in the f<>tWard « uadra "t- 

engine, thus in the forward quadrant 1 4 radios'"? 80 n ° iS ? f ° r the su PP ressed 
dominant source, let/flan noise f* 1 Z* 1 (80 ) is selected, since the 

has been suppressed well below the jet/f 1 ^ 0186 ^ 3n8le * ^ lnlet n ° iSe 
noise^ources? 6 “* C01npre880r "° lse a ~ not shown as they were not contributing 

CalcuStiLTg^^th'bTm 8 (So'f t? Mdeli^ ^ ^ 8hoWn ln Table 

extrapolated to the 152 4 m (500 fM <Hd n 06 “ asu PP ressed levels which were 
and then adjusted for ii-fU^t c e f 2Hne ’ 6 \, m (2 °° ft) altltude condition 
procedure . 

tuent levels in the forward and a f+ suppressed in-flight consti- 

summed to obtain maximum forward and^ft^NdB* lewls e which titUentS W6rG then 
single EPNdB level per the Appendix A procedure ^ C ° nVerted to a 



Table 3-IV. UTW Design Parameters 


Number of Fan Blades 

18 

Fan Diameter, era (in.) 

180.4 (71) 

Fan Pressure Ratio 

1.27 

Fan Speed , rpm 

3074 

Fan Tip Speed, m/sec (ft/sec) 

289.6 (950) 

Number of OGV's 

33 

Fan Weight Flow, kg/ sec (lb/sec) 

405.5 (894) 

Inlet Mach Number (Throat) 

0.79 

Rotor/OGV Spacing 

1.5 

Treatment Length/Fan Diameter 

0.74 

2 2 

Fan Exhaust Area, m (in. ) 

1.561 (2420) 

2 . 2. 

Core Exhaust Area, ra (in. ) 

0.3315 (514) 

Gross Thrust (Uninstalled), kN (lb) 

81.4 (18,300) 

Blade Passing Frequency, Hz 

920 

Core Weight Flow, kg/sec (lb/sec) 

31 (69) 

Fan Exhaust Velocity, m/sec (ft/sec) 

198 (633) 

Core Exhaust Velocity, m/sec (ft/sec) 

232 (744) 
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Figure 3-6. UTW Takeoff Noise Constituents. 





3*3.3 Takeoff Suppression 
Inlet 

high throat Mach nuuter^Iet^VorlouiTest 1 ^ l " auppreaaf,d b 7 “«»• of a 
“ >del f— with high throat Mach^nunber 2to s a ? dl “ 

tests were conducted with low tin an^A f . , ® ure 3 7, Appendix B) • These 
and the results show varyinadeeraeo^ fa08 ’ be 4 loW 305 m/sec (100 ° ^/sec), 
which was selected for the QCSEE de«<™ 8Uppreeslon - At °*79 Mach number, 

been obtained; for QCSEE, a level of 13 ’pNd^reduit? fr ° m 10 t0 3 ° PNdB has 
forward fan noise. A detailed evaluation^? *® ductlon was applied to tne 
in progress and a 50.8 cm (20 in ) simulator t *1* various data is currently 
to select the proper hi* Mach uiej “ Pr ° 8ra " “ pU "" ad WS 

Fan Exhaust 

volved^botl^theoretical'^consideratlon^and* 16 d “« treatment l„- 

involved a series of iterational sjeps ZtlT P 5 rical / Xperienc e. The design 
the imposed constraints was attained P Th^l th “ axi ® um suppression within 
treatment design procedure are gi«a‘beW. < " ,enCe ° f 8tepS £ ° llowed l “ 'he 

1 * Lin er Segment Optimization 




The unsuppressed source spectra at the desired condition, were obtained. 
The source spectra were Noy-corrected. 

S^t £ ^ 

(opt^n^-i^r::^ to — 8 


</pc • -0.77 H/A 


where 


x /pc = the specific reactance 

H height of the duct, i.e., the distance between the two 
opposite walls lined with the same optimised liners. 


^Superscript number refers to references listed at the end of this section 
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p * density of air 


A p a c 


and where 


(1 ± M) / f o ®*haust mode) 
i~ Inlet mode j 


A P - wave length ( Including flow effects) 


c ■ velocity of sound 
M ■ Mach number 


2. Transmission Loss 


* tL?ZATlJ?r nCy - peak lose (TL 0 ) per 

unit L/H of each liner segment was calculated as 
*^o “ 7/(H/A 0 ) in dB per unit L/H 

where 

A ° » c/f o is the wavelength at the tuning frequency 
L » the liner panel length 

The effective maximum transmission loss, TL oe , was estimated to be 
TL oe ■ 1.35 (0.8 TL 0 )/(1 + M) 

effective treatment area was assumed. The factor 1 "is 

iiTzrnZ ssz£ v i ti r 

asaociatpd with acoustic duct teat hshts at%™5 toch"™“r . th<,t 

frequencies in laboratory experiments^d suppressions at observed tuning 
suppression curve. Maximum suppression n^r” 8 ?? t f StS aad a predicted maximum 
ratio (L/H) is plottefaH SSction o? IZ Z ° f treated - le "8th-to-duct-heigl 
engine data (exhaust duct onL)andlawl? freqeunc y Parameter H/A c . Both 
(including both exh^s^Ld sii, wJ 5 ^ ^ ry rectan S ular flow-duct data 

is for the plane-wave mode in which thi n o ^L?iTimrr nted ’ Th * predicted curve 
to have been used for each frequency (Reference l/ d ?f Ce componants ara assumed 
suppressions correlate quite well with the predict^ curve? 38 ^ 

frequency 0^!° ° f d - p Pression versus 

prediction provided the treatment used in thereat act^U^had^h ^ ti 
impedance components at the values of H/A 0 reporte^l^^ap^riX 


strongly t0 the predicted ™rve, therefore 

current engine design the plane " wave mode 1» dominating 

ngine design. This approach suggests that an important way to obtain 
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higher peak suppression and thus greater treatment effectiveness is to include 
splitters and so to reduce H/Ao« 

The following procedure was used: 

• Calculated suppression at the blade passing frequency (BPF) or its 
harmonics was increased by a factor of 10/7 to account for the observed 
enhanced suppression at these frequencies from engine and duct data 
relative to broadband noise. 

• If the imposed limitations prevented the corresponding liner segments 
on two opposite duct walls from being tuned to the same frequency, 
i.e., in case of liner mismatch, the effective peak suppression of 
each segment was reduced by 35% ♦ 

• Suppression bandwidth appropriate to the value of the frequency 
parameter, H/A 0 , of each liner segment was applied to theeffective 
maximum suppression of each liner segment and the respective suppres- 
sion spectra were generated. 


Suppression bandwidth plots are shown in Figure 39. 


Empirical experience yields results confirming the suppression bandwidth 
curves. The bandwidth is given in terms of percentage of peak 

(dB units) versus the ratio of frequency to maximum suppression frequency .The 
data are derived from duct test results in which the peak suppression as g 
in Figure 3-8, Appendix B, was achieved. 

• Whenever warranted by the curvature of the duct , the suppression band- 
width included appropriate modifications due to curvature effect. Th 
latter was based on experimental duct data. Figure 3 “ 1( J* £ ppe ™} ix B * 
shows the effect of duct curvature on suppression bandwidth. The 
shown curvature effects are based on measured suppression enhancement 
in a treated curved duct as compared with the attenuation in a 
straight duct of the same dimensions and lined with equivalent treat- 
ment as the curved duct. The curved duct is also shown schematically 

in Figure 3-10. 

• The total suppression spectrum (i.e., the sum of the 3 “ pp ^®^ . 
spectra of the constituent liner segments of the phased treatment) 

was constructed. 

• The appropriate phasing effect spectrum was incorporated into the 
total suppression spectrum. The phasing effect is based on duct 
experimental results. A representative effect of phased (multi- 
element) treatment on suppression is illustrated in Figure 3-11. 

• The suppressed spectra were obtained* 

• The respective suppression APNdB’s were obtained from the unsuppressed 
and associated suppressed PNdL ^vels. 


• H/A ■ DUCT HEI GOT/WAVELENGTH 



FREQUENCY TO DESIGN FREQUENCY RATIO, f/f 

9 o 


Figure 3-9. Suppression Spectrum Relative to Maximum Attenuation. 
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Figure 3 - 11 . Typical Phased Treatment 


Fipire 3-12 shows the maximum aft angle 152.4 m (500 ft) sideline, 61 m 
(200 ft) altitude unsuppressed, and Noy-weighted unsuppressed fan spectra of 

engine. Two SPL peaks are observed: one at the blade passing frequency 

of 1000 Hz and another at 2000 Hz, the 2nd harmonic. 


The fan exhaust duct treatment configuration is given in Figure 3-13 with 
the respective liner depths, faceplate parameters, liner segment lengths, 
splitter length and thickness, and average duct heists defined. 


Figure 3-14 shows suppression spectra ascribed to longitudinal liner 
segments as identified by the circled numbers. The sharply peaking suppression 
spectrum, 4, is due to the fan frame treatment which was assumed to be effective 
mainly at the blade passing frequency (BPF) . The "total” suppression spectrum 
is the sum of all liner segment spectra. Also given is the "total" spectrum 
with curvature effect and the suppression spectrum which includes the former 
and phasing effect. The duct curvature and phased treatment are shown to 
increase the total" suppression level at frequencies above 3000 Hz. 


Figure 3-15 compares the unsuppressed, the suppressed, and Noy-weighted 
suppressed fan spectra on a 152.4 m (500 ft) sideline at the maximum aft angle. 
The suppressed spectra include the effects of curvature and phasing. The 
suppressed Noy-weighted spectrum is flat with respect to frequency which 
indicates a balanced treatment design. 


Table 3-VI lists the respective fan exhaust duct suppressions in terms of 
APNdB. The frame and wall treatment alone without the splitter and the bene- 
ficial effects of the duct curvature and phasing is predicted to produce a 
suppression of 6.2 PNdB. The curvature and phase effects enhance suppression 
by 1.0 PNdB. The 101.6 cm (40 in.) long treated splitter doubles the suppres- 
sion to 14.5 APNdB. 


Table 3— VI. UTW Fan Exhaust Duct Suppression. 

• 152.4 m (500 ft) Sideline 

• Takeoff 

• Maximum Aft Angle (120°) 


Condition APNdB 

• Frame and Wall Treatment, Standard Design 6.2 

• Above with Curved Duct and Phased Treatment 7.2 

• Frame and Wall Treatment, Splitter, Curved 

Duct, and Phased Treatment 14.5 
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Figure 3-12* UTW Unsuppressed Fan Spectra 




1.397 cm (.55”) DEPTH 



Figure 3-13. UTW Fan Exhaust Duct Treatment. 












J~ ° ed ° batr “ f »°" H g jfcl* Re gene rai-t,,., 

Siss-A!**- 2 - 

esti ~“ ^ b «» r rss?* ie " “ 

latton, derived"^™ TsSes tf l*^"* °° a " ° vera11 P°“er level (0APW1) form 

teste were performed ^ Se co^'" 5 ’ taata ° f ° b 'tructl^e tfS» ^e" 
strer nolee power level ls £.n“" th. JoK” “ *>• - ~ e2* 

OAPWL = 16.8 + 10 Log ( c .t h ,. 5 \ / 

uhere max' • > Log Cp + 10 Log N re: lo' 13 „ a tts 


c * chord, m (ft) 

t max * maximum strut thickness, m (ft) 
h * strut length, m (ft) 

u - upstream flov velocity, m/sec (ft/sec) 
profile drag coefficient 


number of struts 


“ ^ jvss- 

s “"“~ssr» 


PWL = 126 + 55 
(for T in 0 R) 


Log M + 10 Log A - 45 Log(P/l 0 0)+ 7.5 Log (T/530) 


where 


PWL - one-third-octave Power Level re: 10~ 13 watt 
and 


M - surface Mach number 
A * surface area, m 2 (ft 2 ) 

P - percent open eree of cross section of flov 


passage area 
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This prediction scheme is based on commercial silencer system noise floor data. 
Besides the flow Mach number and the radiating area (Face Area) , the only other 
correlating parameter is the blockage or percent open area of cross section (P) . 
The Ver-based estimate presents an upper limit, since commercial silencer 
trailing edges do not necessarily represent the best aerodynamic design and we 
have not applied any suppression due to treatment aft of the splitter trailing 
edge for this estimate. 

The flow noise regenerated due to treatment is based on a model presented 
in Reference 3. The model, below, is under review in the course of this contract. 
An average turbulence scale of 2.5 cm (1 inch) has been used throughout this re- 
port. The attenuated flow regenerated noise floor level, p’(f)» is given as 
follows: 


p’(f) “ (p(f )/2S] (1 - e _l3L ) (watts/Hz*m) 

where 

f « frequency, Hz 

g » attenuation per unit length due to treatment (Neper/m) 

L * treatment length (m) 

The flow regenerated noise per unit length, p(f), is given by 
p(f) » 1 . 6 *M 3 ‘u 3, C‘A*N*' 1 * 6 “ 2 ‘L” 1 x lCf 7 (watt/ Hz*m) 


where 

M » flow Mach number 

u = flow mean velocity (m/sec) 

3 

p * density (kg/m ) 

2 

A « scrubbing (treatment) area (m ) per unit duct length 

_2 

N = number of holes per unit area (m ) 


6 = turbulence scale (m) 


All power level calculations involving obstruction or flow noise regeneration 
are based on a 10* 13 watt reference level. 


The sound pressure level floors for suppressed strut noise, splitter 
trailing edge noise, and attenuated treatment flow regenerated noise arc shown 
in Figure 3-17. An average flow of 0.46 Mach number through the splitter 
section was assumed for these calculations. It is obvious that the suppressed 
engine spectrum is above these estimated floor levels. 
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The following values 
Strut Noises 


were assumed for the estimates 


shown in Figure 3-17, 


Chord (c) m 

Max. Strut Thickness(t ) 

max 

Strut Length (h> 

Profile Drag Cooeff.(CD) - 
Number of Struts (N) « 

Upstream Tlow Velocity (u) 

Splitter Trailing Edge Noise! 


23.08 cm (0.82 ft) 

* 1.58 cm (0.05 ft) 

30.48 cm (1.0 ft) 

0.086 

6 

“ 161 m/sec (530 ft/sec) 


urface Area (A) = 4.63 m 2 (20.75 ft 2 ) 

Percent Open Area of 

Cross Section of Flow 

Passage Area (P) * 92% 

Temperature (T) - 294.3° K (530° R) 

Trailing Edge Mach No. (M) « 0.48 


Treatment Flow Regenerated Noise: 


911,500 Holes/m 2 (£4,400 Holes/ft 2 ) 
- 0.46 

* 1.3 kg/m 3 (0.09 lb/ft 3 ) 

» * 4.99 Nepers /m @ 2000 Hz 

I. = 1.064 m (42 in.) 

u = 161 m/sec (530 ft/sec) 

S » 2.54 cm (1.0 in.) 

A = 10.8 m 2 (48.5 ft 2 ) 

Core Exhaust 


Number of Holes 
per Unit Area (N) 

Flow Mach No. 

Density (p) 


n 8 urll“" b r* d « «- *■» * 

spectra, shows peaks at 315 Hz and 5000 Hz uh” °m both t ^ rbine ^ combustor 

combustor spectrum, not shown, yields two peaks ^ N ° y “ Weishted 

at 2500 Hz, Therefore n , 0 fIii * 8 c peaxs, one at 315 Hz and the other 

th— thr« tS °r.US:i«! l0Mtn8 COte 8UP|,rCS » 0r « based on 


prediction methods and data^The^PNdB^umher^ 8 ^ dc ? i8ns ba8ed on eorrent 
suppression spectra shot™ in fStTj!,??" aPPlyln8 the 

and its components* 3 ^ to t * ie core spectrum 
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• 2500 AND 5000 Ha TUNING FREQUENCIES 

• 810.9 °K (1000 *F) 


PHASED SDOF 


|0| jnn rmj 


SIDE BRANCH RESONATOR 


WITH PHASED EFFECT - . ^ 

i i 
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\ p 

WITHOUT PHASED EFFECT 


FREQUENCY, Hz 


Figure 3-22. Predicted Transmission Loss of Side Branch Resonators with 

Phased SDOF. 





The SDOF end phased SDOF 

3-20 result fro. using “S'”;* £*• S figure u-9. AH predictions are inode 
and applying the proper bandw ^ ber 0 f 0.4. The phase effect shown in 

at 540° C (1000° F) and at a Ma ® h lth the e ff ec t shown in Figure 3-11. 

Figure 3-20 is derived from test dat u8ed in con j U nction with a low 

When SDOF and phased SDOF trea *“?g 0 effective area is used to account for 
KoSTd^fng bracks cs^ in the engine duct. 

„ 4nt i. nredicted suppression shown in Figure 
The folded-quarter wave concept s preoi ^ component8 . suppression 
3-21 is scaled from rectangular duct dat . * 6Q% ef fective area to account 

i8 predicted ^^d^pyl^sf Joints, brackets, but also the 20/. open 

area°requlred for the folded-quarter wave suppressors. 

, 4 3-22 is for the side-branch 

The most optimistic suppression shown ^in^Fig resonators tuned for different 
resonator design, consisting of thr * d f ncy S D0F treatment. The suppres- 

low frequencies in combination with high J raBdl res onator theory 

sion predictions, Table 3-V1I, are oas 
stating the transmission loss as. 


TL - 10 Log 10 


+ 0.25 


1 + 


0 

a + 


3 2 (f/fo " f o /f)< 


where 

f « frequency, Hz 

f Q * resonance frequency, (c/2*/A^/V x t’) Hz 

a « resonator resistance (SR/A 0 cc) 

$ « resonator reactance (Sc/-nf 0 V) 

2 

S * area of main duct, m 

R = flow resistance of resonator neck, mks rayls 

3 

Y s volume of resonator, m 

2 

A. » total resonator neck area, m 

t » - equivalent length (t + 0.8 k Q ) , m 

3 

p m gas density , kg/m 
c * speed of sound, m/sec 
t » neck length, m 


Substituting the proper values for the variables at 540° C (1000° P) and 
for M * 0.4, the suppression for each side-branch resonator was super-imposed 
with the high frequency SDOF. Here again, the SDOF components' suppression is 
predicted using the method described previously and a 60% effective area to 
account for engine geometry and side-branch resonator 20% open area. Figure 
3-23 shows the UTW installation of the side-branch resonator suppressor design. 


Compressor Inlet 

The compressor inlet treatment design is shown in Figure 3-24. The 
treatment was designed such that the depicted configuration would give a peak 
suppression value of 6 dB at 8000 Hz, the compressor first-stage blade passing 
frequency. The peak suppression estimate was made using Figure 3-8, Appendix B, 
having defined the L/H and H/A 0 parameters. 

The second- and third-stage compressor tones were not considered to 
contribute to the total engine system noise level since their blade passing 
frequencies occur at 10,000 Hz or above in a low Hoy weighted region. 


3.3.4 Approach Noise Constituents 

To obtain 65% thrust at approach, the UTW fan may be operated at a variety 
of engine speeds, blade angles, and nozzle area combinations. For the prelimi- 
nary design, the engine speed was assumed to be 1G0% (to satisfy engine response 
requirements) which required a blade angle change of +8° (toward flat pitch) 
with a nozzle area equal to takeoff. 

As blade angle varies, the fan source noise, forward and aft, changes. 

NASA QF9 reverse pitch fan data and General Electric 91.44 cm (36 in.) reverse 
pitch fan data (Reference 5) were used to define this variation in noise as 
shown on Figure 3-25, Appendix B) . In the forward quadrant, the 91.44 (36 in.) 
data would predict a reduction in noise for a change in blade angle of 0.14 
radians (4-8°) while the QF9 data would increase slightly. For the preliminary 
design, an increase of 1 PNdB was assumed on the fan inlet noise. In the aft 
quadrant, both sets of data show a bucket-type curve which does not affect the 
noise between zero radian (0°) and 0.14 radian (8°). The fan aft noise levels 
were not changed for the 0.14 radian (8°) blade angle variation. 

The approach noise constituents are shown on Figure 3-26. Jet/flap noise 
in the forward quadrant is the dominant source for the suppressed levels with 
fan inlet, exhaust, and aft jet/flap noise approximately 6 to 8 PNdB lower. 
Unsuppressed, the fan aft noise is dominant. Table 3-VIII gives the constituent 
levels, forward and aft from unsuppressed 61 m (200 ft) sideline to suppressed 
inflight totals forward and aft. The Appendix I corrections are similar to 
the takeoff condition. 
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PEAK SUPPRESSION a 6 dfi 



COMPRE SSOR FIRST STAng^npp 

TAKEOFF APPROACH 
8000 Hz 8000 Hz 

O™ *000 Hz 6300 Hz 

SECOND AND THIRD STAGE TONES FALL INTO 
HIGH FREQUENCY (IOKHz AND ABOVE) LOW NOY 
WEIGHTED REGION W 


FACE PLATE THICKNESS a .0254 cm (.01") 
HOLE DIAMETER a .1143 cm (.045") 

OPEN AREA RATIO a ,095 

CAVITY DEPTH a .4572 cm (.18") 

L/H a 2.28 
H/A » 1.63 

PEAK TUNING FREQUENCY a 6300 Hz 
PLOW MACH NUMBER a 0.4 


Figure 3-24. QCSEE Compressor Treatment 
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Figure 3 - 26 * UTW Approach Noise Constituents* 









3.3.5 Approach Suppression 


Inlet 

The Inlet treatment wan designed using the procedure described In 
Section 3.3.7 to gJve maximum suppression for reverse thrust. Tlie treatment 
configuration is shown in Figure 3-27. 

Figure 3-28 depicts the approach maximum forward angle, 152. A m (500 ft) 
sideline, 61 m (200 ft) altitude unsuppressed spectrum and the Noy-weighted 
uns uppiessed spectrum. Hie unsuppressed spectrum is dominated by the peak at 
tin* RPF frequency. The Noy-weighted unsuppressed spectrum, however, is 
dominated by the second harmonic peak. Figure 3-29 shows the estimated 
suppression spectrum. The treatment as designed gives maximum suppression at 
2 kilr. , which corresponds to the peak in the Noy-weighted unsuppressed SPL 
spectrum. Hie resulting suppressed spectrum at the approach maximum forward 
angle l'>2.4 m (500 ft) sideline is shown in Figure 3-30. 

Fan Exhaust 


Tht* fan exhaust duct suppression at 152.4 m (500 ft) sideline maximum aft 
angle is listed in Table 3— IX. The unsuppressed, suppressed, and Noy-weighted 
suppressed fan spectra at the maximum aft angle 152. A m (500 ft) sideline are 
shown in Figure 3-31. 

Table 3-IX. UTW Fan Exhaust Duct Suppression. 

• 152. A m (500 ft) Sideline 

• Approach 

• Maximum Alt Angle (60°) 


Condition APNdB 

• Frame and Wall Treatment, Standard Design 6.1 

• Above With Curved Duct and Phased Treatment 7.2 

• Frame and Wall Treatment, Splitter, Curved 

Duct and Phased Treatment 14.5 


The attained suppression, APNdB, due to fan frame and assumed straight 
duct wall treatment is 6.1 dB. The estimated effect of duct curvature and of 
liner phasing increase the suppression to 7.2 PNdB. The suppression is more 
than doubled to 14.5 PNdB when the 101.6 m (40 In.) long treated splitter is 
included. The suppression increase is due to the additional treatment suiface 
of the splitter and to the reduction in the duct height. 
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• ROTOR 11 DATA SCALED TO QCSEE BLADE PASSING FREQUENCY 

• TREATED L/D * 0.74 

• APPROACH 


TREATED L/D 
FAN TIP SPEED 

BPF 


ROTOR 11 
0.82 

298*7 m/s 
(980 FT/SEC) 

8300 Hz 


QCSEE 

0.74 

289*6 m/s 
(950 FT/SEC) 

2000 HZ 



FREQUENCY, Hz 


Figure 3-29. UTW Inlet Suppression 




MAXIMUM AFT ANGLE (120°) 



Figure 3-31. UTW Suppressed and Unsuppressed Fan Spectra. 




Core Exhaust 


tt a ^ P , roa ^'’ the co ®*>u8tor and turbine spectra shapes change very little 
f 5 th e '*•»“ “ h “ p “ <■«“»• »f r.l.tlv.1, —11 Lapsed 

tho"r« Jkeoff ' * suppr< " , * 1<m for approach ara tha aaL aa 


Compressor Inlet 


The compressor inlet treatment design and suppression is 
described in Section 3.3.3. 


the same as that 


3*3.6 Reverse Thrust Noise Constituents 

reverM e thru8t C Bode n are*givM t ln' l Figora 0 5-32? '*Tha*cooatlSettta*j»a*£or* l a 

ft> ,idelln * “ ** Sp “ d ’ 


* ^K Th nJf* SUp ? re88ed fan noise e8ti ®ates were determined using QF9 data scaled 
to the UTW engine. The QF9 noise directivity was used to establish the re^il 
suppressed noise levels at the maximum forward angle 1.05 radians (60°) and 

fan af !u an t 8 iS 2 * 09 radians < 120 °>* Th« unsuppressed and suppressed 

fan noise for the UTW versus the QF9 levels are compared in Figure 3-33. 

tur 5J n ®! combustor and jet/flap noise levels were determined using 
iith pred f Cio n me f hods 38 U8ed lor the forward mode noise estimates, 
P ertlnent engine cycle data as calculated for the engine reverse 
U8t m ® de opera ti°n. These constituent noise directivity patterns were 

oDerarion° ^ th * charac teristics as for the forward thrust engine 
operation. The gear and compressor noise levels were estimated and found to 
be non-contributors to the total system suppressed noise level? 


A breakdown of the noise constituents is given in Table 3-X. The correc- 
tions as defined in using the Appendix A procedure are given for each 
constituent along with the suppression levels. The maximum total noise found 
y summing the constituents is 98 PNdB at the maximum forward angle with the 
fan noise being the dominating noise source. 


3.3.7 Reverse Thrust Suppression 


The estimated fan noise suppression spectrum at the ma x imum forward anele 
i° ?‘ v “ The suppression is for a treatod-length^^In-^ter 

ratio of 0.74. The treatment was designed such that the maximum level of 
suppression could be achieved for the reversed thrust mode operation. The 

procedure 8UPPreS8l ° n *** reVersed thru8t was established using the following 


69 


9 



TVXOA 

Aar 

Hoisnawoo 

aHISHOX 


TVXOX 

xar 

aoxsnawoo 

aNiaunx 

NVJ 


X 


" 3 " 32 - m Thrus, Noise Con,„,„e„„ 
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Figure 3-34. UTW Fan Inlet Suppression Spectra - Approach and Reverse Thrust 



1. The suppression spectrum was derived using measured fan suppression 
from Rotor 11 which had the same treatment- longth-to-fan-diameter 
ratio (L/D) and the same fan tip speed as that of the UTW engine. 

2. The suppression spectrum was then frequency shifted to the optimum 
tuning frequency of 3150 Hz found by Noy weighting the UTW reverse 
thrust maximum forward fan noise spectrum. 

3. The level of suppression was then adjusted by applying the same 
percentage of peak suppression reduction as observed from acoustic 
duct test results. Figure 3-35 compares Inlet and exhaust noise 
suppression levels at the fan exhaust and fan inlet Mach number 

as predicted for the UTW fan Inlet at reverse thrust and forward 
thrust. The suppression bandwidths were not changed. 

4. The approach noise suppression as shown was established by applying 
a frequency shift correction for the change in airflow direction 
and Mach number and increasing the peak suppression level to that 
measured for the given (L/D). 

The suppression spectrum for the fan exlet was determined by adjusting 
the predicted fan exhaust suppression spectrum (as predicted for the exhaust 
treatment designed for takeoff at forward thrust Figure 3-14) to the reversed 
thrust conditions. This adjustment included corrections in peak frequency 
location and peak suppression levels due to the reversed flow direction as is 
illustrated in Figure 3-35. 

No phasing effects were assumed, since laboratory experiments indicate 
that phased treatment is sensitive to treatment orientation. The exhaust duct 
treatment orientation was optimized for takeoff in the forward thrust mode. 

The peak suppression shifts from the 2000 Hz band to the 1250 Hz due to the 
reversed flow. 

The combustor and turbine suppression estimates are the same as for the 
forward thrust conditions since the engine cycle parameters are not changed 
enough to produce significant changes in the unsuppressed spectral 
characteristics. 


3.3.8 Effect of Constituents on System Noise 

The primary constituents in the acoustic design are: 

• Fan Inlet 

s Fan Exhaust 

s Core 

Each has a significant development program defined to arrive at the 
design objectives. The levels for these three noise sources involves both 

unsuppressed noise estimates and suppression estimates. If either or both 
are different than the current evaluation, there will be an impact on the 
system EPNdB. 
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Figure 3-35. UTW Fan Exhaust Suppression Spectrum - Forward and Reverse Thrust 
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Figure 3-36 la a carpet plot showing variation. In the suppression level 
lor each of the primary sources. The variation In suppression shown , 

figures con also be Interpreted as a variation In tha unsuppra.aed noise level 
estimates with constant suppression* 

The UTW design can vary all three source estimates and 1 still meet the 
goal. For example, using Figure 3-36a with current core suppression 
estimates, the inlet level can be Increased by 3 PNdB or the exhaust 2 PNdB 
and still meet 95 EPhdB. With the combustor and turbine level* 

2 PNdB, Figure 3- 36b, the inlet noise can be increased 3 PNdB and the cxh 

0.5 PNdB. 

With a 4 PNdB change in core noise, Figure 3-36c, the inlet and exhaust 
suppression l.at he Increased significantly to meat the noise goal. Overall. 
Figure 3-36 shows the UTW design to be more sensitive to fan exhaust and 
noise than to inlet noise. 


3.4 OTW PRELIMINARY DESIGN 


3.^.1 System Acoustic Design Consid erations (OTW) 


The fixed-pitch fan selected for the OTW engine also requires the selection 
of low noise design parameters as was done for the UTW engine. A an P ®P 
:> 350.W.CC «V ft/sec), less than 365.g m/sec ft/ae^to^r. low 

af^radiated'fa^noise and !^et“lS™S It acceptable levels were chosen. 

x sl 

noise. 

Since a fan frame design common to the UTW engine is desirable, the 
Rotor-OCV*spaclng can* be Increased to 1.93 rotor chord, with the shorter chord. 
SSEr^aE niSb.rflxod-pltch fan. which ra.ult. In raducad fan aourc. 

noise. 

This advantage Is to soma extant offset by the reduction In the vane-blade 
ta 1 18 due again to the 33-element vane-frame with the 28-blade 

HHrii awssr 

and performance requirements. 


3.4.2 Takeoff Noise Constituents 

The constituent noise levels for the OTW propulsion system are given in 
o i 7 u- r chart form. The unsuppressed engine is dominated in both 
th. U foxward ^ttSXS* ta'L. For the suppressed noise, the 
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• T/Q POWER (100.083 kll anew tons (22,300 LBS) *H(ij)g T )> 

• 132.4 m (500 FT.) SIDELINE, 61 a (200 FT.. ALTITUDE 
41.16 m/n (80 KNOTS) AIRCRAFT SPEED 


•. CORE SUPPRESSION APNdB 



b. CORE SUPPRESSION &PNdB 

TURBINE 4 

COMBUSTOR 2 



c. CORE St P RESSION &PNdB 

TURBINE 2 

COMBUSTOR 0 



Figure 3-36, Effect of Constituent Suppression on System Noise - UTW 



Table 3-XX. OTW Design Parameters 


Number of Fan Blades 

28 


Fan Diameter, cm (In.) 

180.4 

(71) 

Fan Pressure Ratio 

1.34 


Fan Speed, rpm 

3778 


Fan Tip Speed, m/sec (ft /sec) 

350.5 

(1150) 

Number of OGV’s 

33 


Fan Weight Flow, kg/sec (lb/sec) 

405.5 

(894) 

Inlet Mach Number (Throat) 

0.79 


Rotor /OGV Spacing 

1.93 


Treatment Length/Fan Diameter 

0.74 


2 2 

Exhaust Area, m (in. ) 

1.747 

(2708) 

Gross Thrust (Uninstalled) kN (lb) 

93.4 

(21,000) 

Blade Passing Frequency, Hz 

1760 


Exhaust Weight Flow, kg/sec (lb/sec) 

402 (886) 

Exhaust Velocity, m/sec (ft/sec) 

231 (756) 
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100.085 kilonewtons (22,500 LBS.) INSTALLED THRUST, SI 
152.4 m (500 FT.) SIDELINE, 61 m (200 FT.) ALTITUDE 
41.15 m/s (80 KNOTS) AIRCRAFT SPEED 




mox 

dvu/xar 

Hoxsnawoo 

suasanx 

TVXOX 

dm/xar 

Hoxsnswoo 

a^iaanx 

Kva 


Figure 3-37. OTW Takeoff Noise Constituents. 
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Figure 3-38. OTW Unsuppressed Fan Spectra. 
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Figure 3-39. OTW Fan Exhaust Duct Treatment 
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Table 3^X111. OTW Fan Exhaust Duct Suppression* 

• 152.4 m (500 ft) Sideline 

• Takeoff 

• Maximum Aft Angle (120°) 

Condition APNdB 

Frame and Wall Treatment, Standard Design 6.7 

Above with Curved Duct and Phased Treatment 9.5 

Frame and Wall Treatment, Splitter, Curved 

Duct and Phased Treatment 14 s 


Suppressed O bstruction Noise and Flow Noise Regeneration in 
the Fan Exhaust Duct “ 


The same procedures as described for the UTW estimates for the attenuated 

splitter trailing edge noise, and flow regenerated (see Section 
3*3*3) noise was adopted for the OTW exhaust system* 


The suppressed engine noise spectrum level was found to be above the esti- 
mated floor noise levels as was found for the UTW engine in Section 3.2.2. 


Core Exhaust 


.u ,Z}, &Ure 3-41 shows the 0TW ta keoff core spectrum to be very similar to 
the UTW spectrum. Figure 3-18, Section 3.3.3. Because of the small differences, 
the same core suppression is obtained for the 0 TW is described in Section 3.3.3. 


Compressor Inlet 

The compressors inlet treatment design is the same as presented in 
f 3 ’ 3 ’ 3 > Fi 8ure 35. The treatment was estimated to give a suppression 

of 6 dB for the compressor first-stage blade passing frequency. 


3*4.4 Approach Noise Constituents 

The approach noise constituents are shown in Figure 3-42 in bar chart 
form. The approach power setting is 65% of the available thrust at the given 
aircraft speed. Fan noise in both the forward and aft quadrants dominates the 
unsuppressed noise level. Jet/flap noise becomes the dominant source when the 
engine constituents are suppressed. Due to this dominance the forward quadrant 
noise is a maximum at 1.57 radians (90°) the jet/flap noise peak angle. 
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152.4 m.(500 FT.) SIDELINE 



Figure 3-41. OTW Takeoff Unsuppressed Core Spectra 
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Figure 3-42. OTW Approach Noise Constituents. 



Table 3-XIV gives the noise constituents for a single unsuppressed 
engine on a 61.0 m (200 ft) sideline. The corrections from using Appendix A 
procedure are also given and were used to calculate the in-flight noise levels . 
The suppressed constituent levels and the summed constituents, ® nd 

aft, are also shown. These values were then converted to a single EFNdB 
value using Appendix A procedure. 


3.4.5 Approach Suppression 
Inlet 

The inlet treatment design at approach is shown in Figure 3-43. The 
liner parameters, the treated-length-to-fan-diameter ratio (L t /D t ) and the 
liner segment lengths are indicated. The inlet liner design and the associated 
suppression spectrum are based on Rotor 11 experience* 

Figure 3-44 shows the fan inlet treatment suppression spectrum at approach. 
The resulting suppressed spectrum and the unsuppressed spectrum at the maximum 
forward angle on a 152.4 m (500 ft) sideline, 61 m (200 ft) altitude are 
depicted in Figure 3-45. The difference in levels of the suppressed and 
unsuppressed spectra noise levels is 10 PNdB, the suppression level applied 
in calculating the total engine suppressed noise level. 

Ban Exhaust Duct Suppressio n At Approach 

Table 3-XV summarizes the fan exhaust suppression for the OTW engine 
configuration at the maximum aft angle 152.4 m (500 ft) sideline, 61 m (200 ) 

altitude. The fan frame and wall treatment with a standard design give a sup- 
pression of 6.7 PNdB. The addition of curvature and phasing effects increases 
the suppression of 9.5 PNdB. These effects with an acoustic splitter give a 
total of 14.5 PNdB, the value assumed in the calculation of the suppressed 
engine total noise level. The associated suppressed spectrum, the Noy-weighted 
suppressed spectrum, and the unsuppressed spectrum are shown in Figure 3-4b. 

Core Exhaust 

At approach, the combustor and turbine spectra shapes change very little 
from the takeoff spectra shapes because of the relatively small core speed 
changes. Therefore, the same suppression estimates explained in Section 3.3.3 

are used at approach. 


3,4.6 Reverse Thrust Noise Constituents 


To obtain reverse thrust on 
aft to form a target-type thrust 
then directed upward and forward 


the OTW engine, th°. exhaust nozzle translates 
reverser on top of the wing. The fan flow is 
to provide the desired reverse thrust. 


For the preliminary design, 
(60°) relative to the horizontal 


it was assumed that an angle of 1.05 radians 
inlet axis would be required to obtain 35% 
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Table 3-XIV. OTW Noise Levels 








TREATMENT DEPTHS: 

A ■ 1.903 cm (.75") 
B a 2.34 cm (1.0") 

C a 3.81 cm (1.3") 


PACE PLATE THICKNESS a .031 cm (.02 w ) 

OPEN AREA RATIO e 0.10 

HOLE DIAMETER a .102 cm (.04") 


TREATED L/O a 0.74 




Figure 3-43* OTW Inlet Treatment Configuration* 










Table 3-XV. 


OTW Fan Exhaust Duct Suppression. 

• 152.4 n (500 ft.) Sideline 
e Approach 

• Maximum Aft Angle (120°) 


Condition APfldB 

Frame and Wall Treatment, Standard Design 6.7 

Above with Curved Duct and Phased Treatment 9.5 

Frame and Wall Treatment, Splitter, Curved 

Duct and Phased Treatment 14.5 


reverse thrust at 100% fan speed. This thrust axis was then assumed to be the 
new acoustic axis for the aft radiated engine noise constituents, fan, com- 
ustor, and turbine, thus causing them to peak in the forward quadrant. 

Noise generated by the fan and core exhaust with the reverser door was 
estimated from scale model data of round jets interacting with semicylindrical 
target reversers. This was done by developing a AdB curve. Figure 3-47 
between jet alone and jet plus reverser data as a function of jet velocity. 

Jet noise was then estimated for the reverser nozzle and a correction applied 
per Figure 3-47. The resulting constituent noise levels are shown on Figure 
-48 in bar chart form. Note that fan exhaust noise is now shown on the 
forward quadrant . 

The fan inlet, fan exhaust, and jet/reverser noise are all contributing 
significantly to the total noise. Table 3-XVI gives the noise level develop- 
ments and suppression levels. 


3.4.7 Reverse Thrust Suppression 

, „~~ Ppression levels are the sa ®® as takeoff since the engine is operating 
at 100% speed. 


3.4.8 Effect of Constituents on System Noise 

As in the UTW design, the fan inlet, exhaust, and core noise are the three 
main contributors to the total system noise. 

The OTW design. Figure 3-49, does not have as much acoustic suppression 
flexibility as the UTW design. From Figure 3-49, an increase in inlet noise 
would not be acceptable and would require a change in the inlet design such as 
more treatment or increased throat Mach number. Fan exhaust noise can increase 
significantly (4 PNdB) if inlet noise is reduced 1.5 PNdB. 
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Figure 3-48. OTW Reverse Thrust Noise Constituents 


Table 3- XVI. OTW Engine Noise Level. 









SYSTEM EPNdB 


• T/0 POWER (100*085 kil one w tons (22.500 LBS.) Pw 

w (IJfSX# ) 

• XS3.4 m (500 FT.) SIDELINE, 61 m (200 FT.) ALTITUDE 
41.15 M/s (80 KNOTS) AIRCRAFT SPEED 

• STATUS JET/?LAP NOISE LEVEL 


CORE SUPPRESSION APNdB 



CORE SUPPRESSION APNdB 


TURBINE 4 

COMBUSTOR 2 



COMBUSTOR 0 



Figure 3-49. Effect of Constituent Noise Suppression on System Noise - OW 
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An increase in core noise of 2 PNdB, Figure 3-49b, would require a decrease 
in fan inlet and/or fan exhaust noise. An increase in core noise of 4 PNdB, 
Figure 3-49, would also meet 95 EPNdB with a decrease in fan inlet and/or 
fan exhaust noise. 

Overall, Figure 3-49 shows the OTW design to be very sensitive to fan 
inlet noise and core noise. 


3.5 EFFECT OF FIELD LENGTH ON ENGINE DESIGN 

The following tables contain the results of a noise study which applied 
QCSEE OTW and OTW flight engines to a 914 m (3000 ft) runway aircraft. 

Tables 3-XVII and 3-XVIII summarize the 610 m (2000 ft) versus the 914 m 
(3000 ft) runway aircraft application with respect to the system noise level 
adjustments. The aircraft definitions (including flap angle, aircraft velocity, 
and engine thrust levels) were provided by Douglas and Boeing. Each of these 
modifications provides a reduction in the system noise level, allowing the 
removal of the aft fan duct splitters from both treated nacelle configurations 
as defined to meet the noise requirements for a 610 m (2000 ft) runway application. 
The core nozzle treatment design was also modified and is shown in Figure 3-50. 

The very deep, low-frequency-type treatment was eliminated and the overall 
treatment length was reduced from approximately 62 cm (25 in.) to 51 cm (20 in.). 

Tables 3-XIX through 3-XXII give the system noise constituents and correc- 
tions that are required for both the UTW and OTW engines at takeoff and approach. 
With the existing assumptions, predictions show that the suppressed noise levels 
are 0.6 to 0.8 EPNdB under the noise requirements at takeoff for the OTW a nd 
OTW systems, respectively. 
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89.0 EPNdB 










Table 3-XIX. QCSEE UTW Noise Levels 
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Table 3-XXII. QCSEE OTW Noise 
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SECTION 4.0 


EMISSION CONTROL 


4.1 SUMMARY 


Studies were performed to define the combustor design for the two QCSEE 
engines. A prototype version of the F101 MQT combustor design was selected 
because this advanced combustor design has demonstrated excellent performance 
characteristics in development tests. CxHy, CO, NOx, and smoke emissions level 
predictions have been prepared for the two QCSEE engines based on existing F101 
engine and combustor component test data. These estimates indicate that both 
the OTW and UTW engines will meet the EPA requirements for smoke and NOx emissions 
with the use of an unmodified F101 MQT-type combustor. However, because of the 
relatively low cycle pressure ratios of the two engines, their predicted C x H y 
and CO emissions levels exceed the applicable standards. Thus, methods of 
reducing the levels of these two emissions must be incorporated into the two 
QCSEE engines. 

Several approaches for obtaining these needed reductions in the two engines 
have been identified based on the results of emissions control technology de- 
velopment programs, including the NASA Experimental Clean Combustor Program, which 
are underway at General Electric. These approaches involve modifications of 
the operating conditions within the combustor at engine idle power, since 
virtually all of the CxHy and CO emissions are produced at this engine oper- 
ating mode. These approaches are: 

• Increased compressor discharge pressure (CDP) bleed air extraction 
at idle. 

• Circumferential sector fuel staging at idle 

• Flat pitching the fan at idle to permit higher core engine speeds 
(UTW engine only) 

All of these approaches appear to be suitable for use in the QCSEE engines, 
without compromising any other combustor performance requirements. With suit- 
able combinations of these approaches, the emissions levels of the two QCSEE 
engines are expected to be in compliance with the program emissions level goals. 
Development tests of a QCSEE engine combustor are planned to permit the final 
selections of the most appropriate combination of these approaches for use 1 n 
the two QCSEE engines. 

4.2 EXHAUST EMISSIONS DESIGN GOALS 


The target maximum emissions levels to be demonstrated with the two QCSEE 
engines are the Environmental Protection Agency (EPA) defined emissions standards, 
which become effective January 1, 1979, for Class T2 aircraft turbine engines. 
Engines in this EPA-defined category are all engines with a rated thrust of 
35,580 N (8000 lb) or greater. These standards set maximum limits on the quanti- 
ties of CxHy, CO, NOx, and smoke emissions that can be discharged by engines. 
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The Class T2 engine standards In the three categories of gaseous emissions 
are shown In Table 4-1. The standards are defined In terms of pounds of 
emission per 1000 pound thrust-hours for a prescribed takeoff-landing mission 
cycle. This prescribed cycle is shown in Table 4-II. The intent of these 
standards is to limit the quantities of these exhaust constituents that can 
be discharged within and around airports. 


Table 4-1. GPA Gaseous Emissions Standards for Class T2 Engines. 


• Effective Date 

: January 1, 1979 


• Standards*: 

C X Hy j 

(Pounds Per 

( 0.8 

CO \ 

1000 Pound 

) 4.3 

N0 X ) 

Thrust-Hours 
Per Cycle) 

/ 3.0 


As numerically and dimensionally expressed by the EPA. 

Table 4-II. EPA Gaseous Emissions Standards - Turbojets and Turbofans. 

• EPA Index Expressed As: Pounds Emission Per 1000 Pound 

Thrust-Hours, For a Prescribed Cycle 

• Prescribed Cycle For Class T2 Engines: 


Mode 


% Power 


Time (Minutes) 

Taxi-Idle 


Ground Idle 


19.0 

Takeoff 


100 


0.7 

Cllmbout 


85 


2.2 

Approach 


30 


4.0 

Taxi-Idle 


Ground Idle 


7.0 

The smoke standards are expressed in terms of the SAE ARP 1179 Smoke 
Number. The maximum allowable smoke number is dependent on rated engine thrust 
as shown in Figure 4-1. For the UTW engine and the 0TW engine, the smoke 
number standards are 25 and 24, respectively, as shown in Figure 4-1. Also 
showt: in Figure 4-1 are the standards for several other General Electric 


commercial engines. 
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Figure 4*1* EPA Smoke Emission 
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4.3 SELECTED COMBUSTOR DESIGN FOR QCSEE ENGINES 

A prototype version of the F101 MQT engine combustor will be used in both 
the UTW engine and the OTW engine. A cross sectional drawing c this QCSEE 
combustor design is presented in Figure 4-2. 

This combustor design is aerodynamlcally and functionally the same as that 
of the actual F101 MQT engine combustor design, which is currently being de- 
veloped. It differs from the F101 MQT engine combustor design only in some 
mechanical design details because this combustor is intended for use in the 
F101 PFRT core engines that will be used in the QCSEE program rather than in 
the F101 MQT core engine. As such, some of its mechanical mounting design 
features are slightly different from those being defined for the F101 MQT 
engine combustor. Development tests of this prototype version of the F101 MQT 
engine combustor are currently in progress as a part of the Fi engine program 

The F101 MQT engine combustor features an advanced central fuel injection 
dome design, as illustrated in Figure 4-3 (Appendix B). Earlier development 
versions of the F101 engine combustor, including the PFRT engine combustor, 
utilizing a three-stage carbureting scroll cup dome concept; Figure 4-4 
(Appendix B) compares these two dome designs. Overall, excellent performance 
capabilities, including good altitude relight and exit temperature performance 
characteristics, have been obtained with this PFRT engine combustor design. 

The PFRT combustor configuration is shown in Figure 4-5. One of the key 
attractive features of this combustor is its short length; its length-to-dome- 
height ratio is only 2.78. The short length of this combustor may be seen in 
Figure 4-6. Thus, this combustor design is highly compact and has a high com- 
bustion space rate, at rated SLS takeoff operating conditions. 

The operation of the carbureting scroll cups, which make up the dome, in- 
volves premixing of the fuel with a small amount of the combustor airflow 
upstream of the flow areas that meter the airflow into the combustor dome. 

This premixing design feature has been found in extensive development efforts 
carried out during the past few years, to be a possible area of concern. Tests 
have shown that, at some unique combustor operating conditions where the inlet 
air temperatures are high, the fuel is hot and the fuel flows are relatively 
low, fuel decomposition can occasionally occur in the premixing scroll. Any 
carbon deposits within the scroll resulting from this fuel decomposition tend 
to restrict the entry of the fuel-air mixtures into the combustor dome. This 
type of situation could possibly lead to fuel spillage out of the scroll intake 
and into the air upstream of the dome. 

To eliminate this area of possible concern, efforts to develop a central 
fuel injection swirl cup design for use in the F101 engine were initiated in 
1972. The intent of these efforts was to retain all of the attractive design 
and performance features of the PFRT engine combustor design, including low 
pressure fuel injection, but to eliminate the premixing feature. As a result 
of these efforts, the central fuel injection design shown in Figures 4-3 and 
4-4 (Appendix B) was developed. This basic design approach was recently 
selected for use in the F101 MQT engine combustor. In order to incorporate the 





Figure 4-6. F101 PFRT Engine Combustor. 
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latest combustor design technology into the QCSEE engines, this design approach 
was also selected for use in the QCSEE engines combustor. This central fuel 
injection combustor design is identical in size to that of the PFRT combustor 
design and uses the same machined ring cooling liners. 

Illustrations of the main features of this central fuel injection combustor 
dome design, as illustrated in Figure 4-3 and 4-4 (Appendix B). Fuel is intro- 
duced downstream of the combustor airflow pressure drop (primary air swirlers) 
by a centrally located fuel injector in each swirl cup assembly. High energy 
airflow from the diffuser is introduced through the primary air swirler located 
around the fuel injection source. This air serves to initially atomize the fuel 
and carries it to the primary cup exit. At this point, the secondary air swirler 
introduces air which rotates in a direction opposite to that of air from the 
primary swirler, as in the carbureting scroll swirl cup design. Fuel leaving the 
downstream edge of the primary cup venturi enters the shear region created by 
the mixing boundaries of the counter-rotating flows and the high aerodynamic 
shear stress imposed on the fuel produces very fine atomization and highly 
effective fuel-air mixing. 

Extensive development testing of this central fuel injection combustor 
design has been conducted to perfect its operating characteristics. Excellent 
performance, including low exit temperature pattern and profile factors 
(Figure 4-7) and acceptable altitude relight capabilities (Figure 4-8, Appendix 
B) have been demonstrated in these tests. 

One of the key accomplishments of these development efforts was the attain- 
ment of the altitude relight performance shown in Figure 4-8. This flight map 
is, of course, representative of a military engine application. The QCSEE 
engines, on the other hand, will operate over a commercial engine flight map, 
similar to that of the CF6-50 engine. The windmilling of the CF6-50 engine 
is shown in Figure 4-9 (Appendix B) , where it is compared with the F101 engine 
flight map. A commonly employed parameter for evaluating ignition severity is 
PT/V re f where P and T represent the combustor inlet pressure and temperature 
and V re f the combustor reference velocity. Regions of low PT/V re f on the 
windmilling map represent the most difficult areas to achieve ignition. The 
F101 combustor has demonstrated relight capability with PT/V re f values down to 

7.4 atmospheres °K seconds/meter (60(psi °R)/fps), which is also the minimum 
PT/V re f encountered in the CF6-50 envelope, as is shown in Figure 4-9. There- 
fore it is expected that the QCSEE engines combustor will meet the anticipated 
altitude relight requirements. Further assessments of the QCSEE engines com- 
bustor relight capabilities will be made as the windmilling characteristics of 
these engines are better defined. 

4.4 PREDICTED UTW AND OTW ENGINES EMISSIONS CHARACTERISTICS - WITH UNMODIFIED 

F101 MQT COMBUSTOR 

4.4.1 Smoke Emissions 

As noted previously, the QCSEE engines combustor features a central fuel 
injection dome design. This design uses swirl cups which introduce large amounts 
of the combustor airflow around each fuel injector, providing very effective fuel 
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Simulated 100% Power Operating Conditions 











of thC tuel 

Injectors. Designs of this type have demonstrated low smoke levels. 

Estimates of : smoke emission levels of the QCSEE engines ^ able *“^ ppRT 
have been made based on data obtained in F101 PFRT engine tests and on F101 PFRT 
and prototype MQT combustor component tests. The peak smoke-em ss ons 
teristics of current General Electric commercial engines are similar (Figure 

£pe,lx M As shown, both QCSEE ongloes are predicted to have low awoke 

levels which satisfy the EPA standards with margin. 

4. A. 2 Gaseous Emissions 

Estimates of the gaseous emissions characteristics of the fc "° n ® 8 

have been made based on the use of F101 PFRT engine test data ^ d “ s “£ abed 
combustor component data. The combustor operating conditions in the QCSEE 
engines are. of course, considerably different from those of the ™l engines 
hJLn<se of the engine cycle pressure ratio difference. The F101 combustor 
emissions indices were, therefore, adjusted to the combustoroperatingcond- 
tions of the QCSEE engines at the various engine operating modes of 
Basically these adjustments involve the use of corrections, developed 
Electric! of the emissions indices with combustor inlet air temperature and 
pressure The resulting estimates are shown in Figure 4-11. For comparative 
purpose! the key emissions indices of the F101 PFRT engine are: 

Grams Per Kilogram of Fuel 


CxHy at idle 
CO at idle 
N0 X at takeoff 


1 

17 

24 


The emissions indices of the F101 MQT engine are forcasted to be essenti- 
ally the same. 

Using these estimated emission indices, the emissions levels in terms of the 
EPA-defined parameter can be calculated. A copy ox tne cumyui. /. . . 

with the EPA standards are presented in Table 4-V for C x Hy, CO, and NOx emis 
sions resptcfiSr A^ shown, both of the QCSEE engines are expected o meet 
the N0 X emission standard. However, reduction in the C x Hy and CO erosion 
levels of the QCSEE engines will be required. 

In part the low predicted NOx emissions levels of the F101 engine com- 
bustor in the QCSEE engines application are due to the relative y 
ptessureratios of these engines. The sane basic combustor la used In the 
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Table 4-III, 


Emissions 

Cycle, 


Calculations Using Prescribed EPA Land! ng-Takeoff 


Date 


0/ il/74 

^r /SID 0P *><* 

Riel Typo - JP 4 or JP5 8 " e And Com P onc "t Tests 

Engine Class - T2 


Requirements 


Engine Parameters 

Time (Minutes) 

Percent Power [[*/ 

Thrust „ Kilonewtons (lb),. 

R»el Flow, Kilograms /hr(pph) 

Emissions Parameters 

Hydrocarbons 

Gm/Kilogram Fuel (lb/lOOlb) 
Kilogram /hr (lb/hr) 

Kilograms (lb) 

% of Total Kilograms (lb) 

Carbon Monoxide 

Gm/Kilogram Fuel (lb/lOOOlb) 
Kilogram/hr (lb/hr) 

Kilograms (lb) 

% of Total Kilograms (lb) 

Oxides of Nitrogen 

Qn/Kilogram Fuel (lb/lOOOlb) 
Kilogram/hr (lb/hr) 

Kilograms (lb) 

% of Total Kilograms (lb) 
Summary 


n 

tji _ _ . 


Idle 


26.00 

4.46 

3,360 

(816) 

302 

( 666 ) 


18.000 

5.438 

(11.988) 

2.356 

(5.195) 

99.267 


57.000 

17.219 

(37.962) 

7.462 

(16.450) 

90.870 


2.000 

.604 

(1.332) 

.253 

(.557) 

21.530 


Takeoff climb Approach 


.70 

100.00 

81.402 

(18300) 

2561 

(5647) 


.030 

.077 

(.167) 

.001 

(. 002 ) 

.038 


2.500 

6.403 

(14.117) 

.075 

(.165) 

.905 


8.200 

21.003 

(46.305) 

.245 

(.540) 

20.151 


2.20 

85.00 

69.192 

(155555) 

2091 

(4610) 


.050 

.1043 

(.280) 

.004 

(.008) 

.162 


3.300 

6.900 

(15.213) 

.253 

(.558) 

3.064 


6.900 

14.428 

(31.809) 

.529 

(1.166) 

43.505 


4.00 

20,00 

24.421 

(5490) 

730 

(1610) 


.260 

.190 

(.419) 

.013 

(.028) 

.033 


9.600 

7.011 

(15.456) 

.467 

(1.080) 

5.661 


3.700 

2.702 

(5.957) 

.180 

(.397) 

14.8*1 


******************l'** it *****t EPA Par ame t er ************************ 


(lb Emission/1000 lb Thrust-Hr-Cycle)(^^ 


Calculated 

Level 


Hydrocarbons 

Carbon Monoxide . . . , 
Oxides of Nitrogen. 


( 1 ) 


As dimensionally 


3.48 

12.11 

.178 

expressed by the EPA. 


1979 

Standard 


.80 

4.30 

3.00 


% Reduction 
Required 

77.02 

64.49 

.00 
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Table 4-IV. Emissions Calculations Using Prescribed EPA Landing-Takeoff 
Cycle. 

Date - 6/11/74 

Engine Performance Source - QCSEE OTW SLS/STD Day OP Line Tech Requirements 
Emissions Data Source - F101 Engine And Component Tests 
libel Type - JP4 or JP5 
Engine Class - T2 


Engine Parameters 


************** EPA cycle Condition************** 
Idle Takeoff Climb Approach 


Time (Minutes) 

26.00 

.7^ 

2*20 

4.00 

Percent Power 

3.81 

100.00 

85,00 

30.00 

Thrust, Kllonewtons (lb).. 

3.559 

93.417 

79.404 

28.024 

Fuel Flow, Kilograms/hr (pph) 

(800) 

(21001) 

(17851) 

(6300) 

305 

3228 

2608 

862 

Emissions Parameters 

(672) 

(7116) 

(5750) 

(1900) 

Hydrocarbons 

Gm/Rilogram Fuel (16/100016) 

15,000 

.020 

♦ 030 

♦ 190 

Kilogram/hr (lb/hr) 

4.536 

.064 

.078 

.164 

Kilograms (lb) 

(10.000) 

(.142) 

(.172) 

(.361) 

1.981 

.001 

.003 

.011 

% of Total Kilograms (lb) 

(4.368) 

(.002) 

(.006) 

(.024) 

99.272 

.038 

.144 

.547 

Carbon Monoxide 

Gm/Kilogram Fuel (lb/lOOOlb) 

51.00 

1.700 

2.300 

7.800 

Kilogram/hr (lb/hr) 

15.545 

5.487 

6.00 

6*722 

Kilograms (lb) 

(34.272) 

(12.097) 

(13.225) 

(14.820) 

6.736 

.064 

.220 

.448 

% of Total Kilograms (lb) 

(14.851) 

(.141) 

(.485) 

(.988) 

90.197 

.857 

2.945 

6.001 

Oxides of Nitrogen 

Gm/Kilogram Fuel (16/10001b) 

2.000 

11.300 

8.900 

4.200 

Kilogram/hr (lb/hr) 

.610 

36.474 

23.212 

3.620 

Kilograms (lb) 

(1.344) 

(80.411) 

(51.175) 

(7.980) 

*264 

.425 

.851 

.241 

% of Total Kilograms (lb) 

(.582) 

(.938) 

(1.876) 

(.532) 

14.823 

23.877 

47.759 

13.541 


Summary ********************************epa Par ame ter************************* 

(lb Emission/ 1000 lb Thrust-Hr-Cycle) ^ 



Calculated 

1979 

% Reduction 


Level 

Standard 

Required 

Hydrocarbons ♦ . 

2.64 

.80 

69,71 

Carbon Monoxide ...... 

9.88 

4.30 

56.49 

Oxides of Nitrogen... 

2.36 

3.00 

.00 


As dimensionally expressed by the EPA. 
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their lower cycle pressure ratios. 

The predicted C*H, end CO emissions "S^*" 

than those of the CFM56 engines (figures ^ ™ tioa primarily result from 
is associated with their lower cycl P oressures at idle of the QCSEE 

the lower combustor inlet air tempera however, relatively favorable 

engine cycles. The F101 engine Vindicated by comparing the CBy 

rS^VVVs^ VtS tr^Vn^es od! pressnre ratios. 

4 5 PPPTTHF.WT EMISS TOHS SEDUCTIONS PESIGB TECHNOIOGY 

_ .-isr*! rsr.r. sr '« 3= .~ * 

The CO and C x Hy emissions are,^of thesr^iMl^^ar^pS^rily produced 
tion. As illustrated in Figure » J itions These emissions mainly occur 
at idle and other low power jerating efficie ncies (degree to 

at these operating conditions because cne converted to heat energy) 

which the available che ^^ 1 * n ^L lo^engine power operating conditions are 
of most present day engines at t ^ f 6% ^ge. At higher engine power 

not optimum and are typically leve l 8 0 f most engines are generally well 

settings, the combustion effici y all of the fuel is converted to the 

in excess of 99% and, therefo ”> VVdfand »atsr, at these operating con - 
ideal combustion products, c “ b b tl n efficiency performance of most exlst- 
ditions. The somewhat reduced combustion efficl^ pouet opetatltl g con- 
ing aircraft turbine engines at ti conditions that normally 

dltions is due to the adverse co^ustor operating engine power opera- 

p revail at these engine "“““perature and pressure levels are 

ting conditions, the combustor J nl “ ““l-eir ratios are generally low, end 
relatively low, the overall combustor f dlJ t r ibution within the primary 

the quality of the of tW fuel and air flows. In any 

given 8 engine ("al^of 8 these adverse wmbustor operatlng^conditions^are^rap^ 

c^«i P ore«rciVcy 8 performance is quichly increased to near- 

optimum levels* 

To meet the CO and CmUy emlsslons .^dard^deflned b^the « 

T2 aircraft engines, combustion efficien y example, in the case cf the 

conditions of 98.8% or higher are r.qulred 5 gran s per kilo- 

QCSEE engines, CO and C x % etniss t ons le t t h® EPA standards, 

gram of fuel, respectively, are re J ui *f \ 0 a combustion efficiency 

This combination of emissions levels is equiva t t bu8tion efficiency 

Vue of 98.9%. ^ 

Vr“orti:;.r«e required to meet these EPA standards. 
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*r d °? combustion chemical kinetics considerations, these required 
h« 8 K lfi uf n ^ 1 ®P ro y ementa in combustion efficiency performance at idle appear 
to be obtainable in engine combustors, providing that improved control of the 
various processes which occur in che primary combustion zones of the combustors 

result tTti a u t 6 ° P r ating conditions ‘ co is formed in combustors as a 
th ® comb “ 8tion of near-stoichiometric or over-stoichiometric fuel-air 
mixtures in the primary zone because it is a thermochemical equilibrium product 
resuiting from the combustion of such mixtures. Even in combustors designed to 
have reiativeiy lean primary zone fuel-air mixtures at all operating conditions 
relatively rich mixtures generally exist locally within the primary zone, since* 
the fuel-air mixing process is not instantaneous. Considerable amounts of CO 
can be generated as a result of the combustion of these localized rich primary 

tw«f iXtUreS ‘ At ldl V 3117 C ° that is so 8 enerated ^ not rapidly consumed Ld, 
herefore, can escape from the combustion zones of the combustor. Therefore, 
to obtain low CO emissions levels at idle operating conditions in any given 
combustor, very precise control of the equivalent ratios in the primary com- 
bustion zone and in the dilution zone immediately downstream, and of the asso- 
ciated residence times in these zones is essential. 

Unlike CO, the C x H y emissions are not thermochemical equilibrium combus- 
tion products. Moreover, combustion chemical kinetics data show that vaporized 
hydrocarbons, and any partially oxidized hydrocarbons, are consumed much more 
rapidly than CO. Thus, as long as these constituents reside in a flame zone 
for even a very brief time period, they are largely consumed. One of the 
products of this consumption process may be CO, depending on the flame zone 
stoichiometry and other factors. Thus, at idle operating conditions, relatively 
low CxHy emissions levels should be obtainable, based on these combustion 
chemical kinetics considerations, providing that the fuel is properly vaporized 
and mixed to some degree with air within the primary combustion zone. Thus, in 
any given combustor, the primary causes of this category of idle power emissions 
appear to be associated with its fuel injection characteristics. In particular 
coarse fuel atomization may result in large numbers of large fuel droplets which 
can escape from the primary zone before they are fully vaporized. In many 
present-day combustors, the fuel atomization quality tends to be relatively 
coarse at the low engine power operating conditions because of the low fuel 
flows associated with these engine operating conditions. Also, the fuel 
spray pattern of a given combustor may be such that some of the fuel is directed 
nto the relatively cold air streams used to cool the combustor liners and other 
parts. At idle, any fuel that is so entrained by these cooling air streams 
tends to be carried out of the primary combustion zone as unreacted fuel. 
Accordingly, to obtain reduced C x H y emissions levels as well as low CO emission 
levels, very effective fuel atomization at idle is an important need. The 
effective atomization is needed both to facilitate rapid and satisfactorily 
controlled fuel-air mixing in the primary combustion zone and to prevent fuel 
droplets from escaping from the primary zone. 


At General Electric, investigations to identify and develop means of 
reducing CO and C x H y emissions levels at idle by providing improved fuel 
atomization and improved control of the primary combustion zone fuel-air 
ratios at idle have been underway for the past several years. For the most 
part, these investigation have been primarily conducted with CF6 engine 
combustors, which have already developed low smoke emission characteristics. 


A major objective of these annular combustor development investigations has, 
therefore, been to retain these already developed low smoke emission character- 
istics. One of the major development programs of the kind, which is currently 
underway, is the NASA Experimental Clean Combustor Program. To date, some 
promising methods of obtaining significant reductions in the CO and C x Hy emissions 
levels of these combustors have been identified in these programs. 

Results from these Investigations (Figure 4-15, Appendix B) have shown reduc- 
tions in the C x Hy and CO emissions level with improved fuel atomization at idle, 
.lodes t reductions were obtained by the use of fuel nozzles which were modified 
so that all of the fuel was delivered at idle, through the primary orifices of 
these dual orifice nozzles. However, significant reductions in both CxHy and 
CO emissions levels were obtained with airblast fuel injection techniques, as 
compared to the levels obtained with the more conventionly used spray nozzle 
atomization techniques. With the airblast methods, the fuel is injected at 
low pressure and is atomized in swirl cup devices by a portion of the combustor 
airflow. Since the fuel atomization process is primarily dependent on the air 
kinetic energy, rather than on fuel pressure, very effective fuel atomization 
and fuel-air mixing are attained with these airblast fuel atomization methods 
over wide ranges of engine operating conditions, including idle. This type of 
fuel injection process is already embodied in the design of the QCSEE engines 
combustor. 

One relatively simple means of obtaining more optimum primary zone fuel-air 
ratios at idle, without adversely affecting combustion performance characteristics 
at high power operating conditions, is to extract and dump overboard increased 
amounts of compressor discharge airflow when operating at idle. This approach 
results in increased fuel-air ratios throughout the combustor. Tests of a 
CF6-6 engine, in which various amounts of compressor discharge airflow were 
extracted, were conducted. The results (Figure 4-16, Appendix B) illustrated 
the beneficial effects of increasing the primary combustion zone fuel-air ratio, 
at a constant fuel flow rate. The use of increased bleed air extraction also 
results in small, but beneficial, increases in primary zone gas residence time, 
which are the result of the lower air mass flows through the combustor. Signifi- 
cant CO and C x Hy emissions levels reductions were obtained in these investiga- 
tions. Since many advanced engines have provisions for extracting large amounts 
of compressor discharge airflow, this concept appears to be an attractive one. 

Still another means of obtaining the higher primary zone fuel-air ratios 
is to use fuel injection staging techniques at idle operating conditions. In 
this type of approach, fuel is valved to only selected fuel nozzles, or fuel 
injectors, instead of to the full complement of nozzles. This approach not 
only results in higher primary zone fuel-air ratios in the portions of the 
combustor annulus where the fuel is concentrated, but also results in improved 
fuel atomization since the same fuel flow is being delivered through fewer fuel 
nozzles and the fuel nozzle pressure drops are thereby increased. Various forms 
of such fuel injection staging can be considered, depending on the nature of 
the combustor design. Some fuel injection staging techniques that can be con- 
veniently used in conventional annular combustors are illustrated in Figure 
4-17. Tests of these fuel staging approaches were conducted in a CF6-50 
combustor. 
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The results (Figure 4-18, Appendix B) showed that the use of alternately 
fueled nozzles did not result in any reductions in the CO and C x Hy emissions 
levels of this combustor. This finding appears to be due to the fact that, 
although repetitive locally enrichened primary zone fuel-air mixtures annulus 
were formed, excessive quenching of the combustion products apparently occurred 
in the several interface regions between these localized mixtures and the 
alternate nonfueled air streams. However, the use of circumferential sector 
staging, in which the fuel was supplied to groups of adjacent nozzles, was found 
to be highly effective. With this latter type of staging, the designed en- 
richened fuel-air mixtures in the fueled zones were obtained and, at the same 
time, the number of boundaries between fueled and nonfueled regions was mini- 
mized. With the fuel stages to a single 3.14 radian (180°) sector, the lowest 
CO and C x Hy emissions levels were obtained, since only two such boundaries 
existed with this fuel staging pattern. (Circumferential fuel staging of this 
kind, thus, appears to be an attractive approach for use at idle to obtain much 
reduced CO and CxHy emissions levels.) Further studies are, therefore, underway 
to assess the practicality and suitability of applying this approach in advanced 
engines . 

Accordingly, based on the results obtained to date in these General 
Electric and other investigations, it appears that significant reductions in 
the CO and C x Hy emissions levels of advanced combustors can be obtained by 
approaches involving improved fuel atomoization and primary zone stoichiometry 
control at idle. In general, these approaches can be used without adversely 
affecting either the combustion performance or the smoke and NOjj emission 
characteristics of these combustors at the high engine power operating condi- 
tions. In some instances, the use of these approaches can be accompanied by 
small increases in N0 X emissions levels at the low engine power operating 
conditions, but the N0 X emissions levels at these engine operating conditions 
are still quite low. 

4.6 PREDICTED UTW AND OTW EMISSIONS CHARACTERISTICS - WITH ADDED EMISSIONS 

CONTROL FEATURES 


Based on the above described results, the following C x H y and CO emissions 
reductions techniques have been selected for possible use in the QCSEE engines; 

e Sector Fuel Staging - at Idle 

e Increased CDP Bleed Air Extraction - at Idle 

e For the UTW engine only, increased core engine speed to increase 
the combustor inlet air temperature and pressure and its fuel-air 
ratio. If this approach were to be used, the same idle engine 
thrust level would be maintained at the required low level (4% 
of rated thrust) by feathering the variable pitch fan. 

Estimates have been made of the emissions characteristics of the two QCSEE 
engines (Table 4-V) with the first two of these emissions control methods in- 
corporated into the engines. These estimates are based on the results of the 
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above-described investigations with CF6 engine combustors. As shown in Table 
4-V, the use of these features in the OTW engine is expected to result in 
emissions levels at or very close to the standards. For the UTW engine, the 
predicted CO emission level is still somewhat above the prescribed standard. 
The use of increased core engine speed at idle, with flat pitching of the fan, 
appears to be needed in the case of this engine. Studies of the CO emission 
level reduction obtainable with this approach are in progress. It is expected 
that with this added feature, the CO emission level can be reduced to the 
target value. 

Development tests with a full-annular QCSEE engine combustor are planned 
to evaluate the effects of these various C x H y and CO emissions control methods. 
Based on the results of these tests, the final selection of the techniques to 
be incorporated into the UTW and OTW engines will be made. 


127 


SECTION 3.0 


ENGINE CYCLE AND PERFORMANCE 


5.1 SUMMARY 


The QCSEE engine cycles were defined to meet requirements of externally 
blown flap short-haul aircraft with under-the-wlng and over-the-wing engine 
installations. The UTW engine has a separated flow cycle, utilizing a single- 
stage, variable— pitch, gear-driven fan. The OTW cycle has a mixed— flow cycle 
with a single-stage, fixed-pitch, gear-driven fan. Both experimental and 
flight- type engines are defined, with several major components used in common, 
including the core engine. Objective thrust levels for the UTW engine are 
81,402 N (18,300 lb) thrust uninstalled at sea level static, and 17,793 N 
(4000 lb) thrust uninstalled at cruise, Mach 0.8, 9144 m (30,000 feet). For 
the OTW engine the objective thrust is 93,413 N (21,000 lb) uninstalled, at 
sea level static, and 21,129 N (4750 lb) uninstalled at cruise. Preliminary 
design cycle and performance data are presented for these flight conditions 
as well as for the noise rating conditions, 41.2 m/sec, 61 m (80 knots, 200 ft) 
sideline. 


5.2 CYCLE SELECTION CRITERIA 


The QCSEE engine cycles were defined to be representative of propulsion 
sy 8 terns for powering externally blown flap types of short-haul aircraft, with 
engines located under- the-wing (UfW) or over-the-wing (OTW) . Primary constraints 
include low-noise and low exhaust emissions. The particular UTW and OTW cycles 
defined under this program were also selected to allow common usage of several 
major propulsion system components. These components includes 

• Inlet 

• Fan frame 

• Fan bypass duct 

• Core engine 

• Low pressure turbine 

• Turbine frame 

An inlet throat Mach number of 0.79 is required at maximum power at the 
noise rating condition (41 m/sec, 61 m (80 knots, 200 ft) sideline], thus 
establishing the airflow at that condition for both cycles. Ram recovery 
characteristics of the selected inlet are sham in Figure 5-1. In Figure 5-2, 
the corrected airflow characteristics are shown as a function of flight Mach 
number. Also shown is the inlet throat Mach number for 406 kg/sec (894 lb /sec) 
corrected airflow, selected as the limiting value -or initial control mode 
purposes . 
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Total Fan Corrected Airflow, lb/sec 



Figure 5-1. QCSEE Ram Recovery Characteristics 








Corrected Fan Flow, kg/s Throat Mach Number 



Corrected Fan 












Performance objectives for the engines are summarized In Table 5-1. As 
shown In the table, the UTW engine has an uninstalled thrust at takeoff of 
81,402 N (18,300 lb) and the OTW engine has 93,413 N (21,000 lb) thrust. At 
cruise, the UTW has 17,793 N (4000 lb) thrust; the OTW 21,129 N (4750 lb). 
Because noise constraints * 4 ted fan and core exhaust velocities for both the 
UTW and OTW systems, ano a common Inlet (fan tip diameter) and core are used, 
the two types of systems differ significantly In fan pressure ratio, turbine 
inlet temperature, overall pressure ratio, and thrust levels. The UTW engine 
has a separated-flow cycle with the fan hub pressure ratio lower than the fan 
bypass stream pressure ratio. The OTW engine has a mixed-flow cycle and has 
reverse stratification of the fan, the hub pressure ratio being higher than 
that of the bypass stream. 

The experimental engines are based on utilization of PFRT F101 core 
engine components, while the flight engines are based on MQT level F101 cores. 

Both engines utilize gear-driven fans, with the gear ratios selected to 
match the LP turbine, used in common, to the particular fan design. The UTW 
gear ratio is 2.4648; the OTW ratio is 2.0617. The UTW fan has a lower design 
pressure ratio and a corrected tip speed limit at takeoff of 290 m/sec (950 
ft/sec). The OTW fan has a lower gear ratio because it has a higher design 
pressure ratio and higher tip speeds than the UTW. 

Reverse thrust capability is achieved on the UTW by rotating the fan rotor 
blades so that air is pumped through the fan in the reverse direction to normal 
flow. The objective reverse thrust level, as shown in Table 5-1, is 35% of 
static takeoff thrust. On the OTW engine a conventional target-type thrust 
reverser is utilized. 


5.3 UTW EXPERIMENTAL ENGINE AND SYSTEM PERFORMANCE 

The UTW propulsion system incorporates a single-stage, variable-pitch, 
gear-driven fan. The fan and core streams exhau't through separate exhaust 
nozzles, with the fan nozzle being variable. PFRT level F101 core engine 
components are utilized. The cycle provides 81,402 N (18,300 lb) thrust 
uninstalled, at sea level static conditions, flat rated to a 305° K (50° F) 
day. Installed, with effects of ram recovery and scrubbing drags allowed for, 
the thrust level is 77,399 N (17,400 lb) at sea level static. At the Mach 0.8, 
9144 m (30,000 ft) flight condition, the thrust level uninstalled is 17,793 N 
(4000 lb). 

Parasitic and cooling flows for the UTW engines are shown in Figure 5-3. 
Flow quantities are included in the figure for both experimental and flight 
engines . 

Internal cycle parameters and performance for the UTW experimental engine 
are shown in Table 5-II (see cycle nomenclature Table 5-III and station 
designations Figure 5-4). The first four columns in Table 5-II show the sea 
level static and 0.8 Mach number cruise rating points corresponding to the 
objective levels presented in Table 5-1. The installed data include effects of 
inlet ram recovery and the following drag terms: 
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Table 5-1. QCSEE Performance Objectives. 
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Figure 5-3. BTO Cooling FXo „ Schematic , 
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Table 5-1 1 # UTW Experimental Engine Performance. 
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© 
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0 

0 

0 

30000 

0 

0 

0 

0,8 

+31 

0 

+31 

+18 

18300 

18300 

17400 

4000 

0,319 

0,309 

0.336 

0.737 

11,84 

11.89 

11.76 

11.36 

14.696 

14,696 

14,696 

4.364 


x.o 


XNL 

PCKLR 

W2AR 

W2A 

P13Q12 

BX2D13 


3157 

94.53 

894.0 

868.4 

1.272 

0.865 

1.204 

0.792 

T/0 


W14 

T14 

P14 

P18Q14 

P18 

A18 

AB18 

V19 

FG19 


800.8 

595 

18.69 

0.986 

18.43 

2499 

2422 

699 

16576 


P25Q23 


587 

17,69 

0.982 


2203 

54.61 

0.906 

3.25 

7781 


0.980 

69.28 

1690 

16.48 

541 

518 

803 

1724 


1.0 


0.982 


549.67 

14.696 


518.67 

14.696 


3067 

94.53 

894.0 

894.0 

1.272 

0.865 

1,204 

0.792 

T/0 


3157 

94.53 

894.0 

852.7 

1.277 

0.867 

1.203 

0.793 

T/0 


824.6 

561 

18.69 

0.986 

18,43 

2499 

2422 

650 

16584 


785.9 

596 

18.43 

0.986 

18.18 

2541 

2463 

649 

15779 


554 587 

17.69 17.37 

0,983 0.982 


2098 

54.53 

0.905 

3.25 

7558 


0.980 

70,92 

1605 

16,44 

541 

515 

781 

1716 


1.0 


0.778 

549.67 

14,430 


484.92 

6,657 


3316 

105.72 

894.0 

418.8 

1.391 

0.849 

1.213 

0.787 

Cr 


384.9 

542 

9.26 

0.988 

9.16 

1870 

1840 

1042 

13266 


520 

8.07 

0.981 


2221 

54.19 

0.905 

3.25 

7781 


2159 

27.28 

0.895 

4.48 

8174 


0.980 

68.46 

1705 

16.32 

556 

531 

779 

1653 


0.962 

34.71 

1552 

5.86 

541 

497 

1231 

1324 


10590 


© 


30000 

0,8 

+18 


0.804 

484.92 

6.610 


3316 

105.71 

894,0 

415,9 

1.391 

0.849 

1.218 

0.787 

Cr 


382.2 

542 

9.20 

0.988 

9.09 

1871 

1840 

1042 

13113 


521 

8.05 

0.981 


2151 

27.05 

0.895 

4.51 

8173 


0.961 

34.50 

1544 

5.77 

556 

508 

1196 

1279 


10514 
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200 

0,121 

0 


3841 

0.758 
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894.0 

885.2 
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0.791 

T/0 


817.4 

561 

18.35 
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2489 
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15989 
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1422 

15.50 
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200 

200 
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0,121 
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0 

0 

0 
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8990 
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0.410 
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13.31 

13.74 
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0.992 
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0.556 
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519.48 
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T/0 

App 


739.3 
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2929 

2844 
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11407 
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6377 
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1810 

41.46 
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2.64 

6709 
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57.93 

1438 

10.52 

556 

545 

551 
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3521 


682.4 

550 

17.14 

0.989 

16.96 

2563 

2492 

527 

11114 


555 

17.60 
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41.77 

0.915 

2.65 

7526 


0.987 

58.19 

1427 

15.57 

556 

533 

561 

1012 


3104 
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Table 5-III. Separated Flow Turbofan Nomenclature. 


ALT 

XM 

DTAMB 

FN 

SFC 

W14Q2 

PAMB 

ERAM11 

XM11 

T1 

PI 

XNL 

PCNLR 

W2AR 

W2A 

P13Q12 

E12D13 

P23Q2 

E2D23 

ROPDEG 

W14 

T14 

P14 

P18Q14 

P18 

A18 

AE18 

V19 

FG19 

T23 

P23 

P25Q23 


Altitude - feet 
Flight Mach number 

Temperature increment from standard day ambient temperature 
Net thrust - lbs 

Specific fuel consumption - Ibs/hr/lb 
Bypass ratio 
Ambient pressure - psia 
Ram recovery 

Engine inlet throat Mach number 

Fan inlet total temperature - deg R 

Fan inlet total pressure - psia 

Fan physical speed - rpm 

Percent fan corrected speed 

Engine inlet total corrected flow - lbs /sec 

Engine inlet total flow - lbs/sec 

Fan bypass pressure ratio 

Fan bypass adiabatic efficiency 

Fan hub pressure ratio 

Fan hub adiabatic efficiency 

Fan rotor pitch setting, takeoff (T/0), approach (App), cruise(Cr) 
reverse (Rev) 

Bypass duct total flow - Ibs/sec 
Bypass duct total temperature - deg R 
Bypass duct inlet total pressure - psia 
Bypass duct pressure ratio 

Bypass duct jet nozzle throat total pressure - psia 

Bypass duct jet nozzle throat actual area - sq in 

Bypass duct jet nozzle throat effective area - sq in 

Bypass duct jet nozzle exit velocity - ft/sec 

Bypass duct gross thrust * lbs 
Fan hub discharge total temperature - deg R 
Fan hub discharge total pressure - psia 
Intercompressor transition duct pressure ratio 



Table 5-III, Separated Plow Turbofan Nomenclature (Concluded) 


XNH 

PCNHR 

W25R 

W25 

P3Q25 

E25D3 

P3Q2 

T3 

P3 

P4Q3 

E36D4 

T4 

W41 

T41 

E41D42 

P41Q42 

T42 

W49 

T49 

P49 

E49D5 

P49Q5 

XNL49 

P8Q5 

W8 

T8 

P8 

A8 

AE8 

V9 

FG9 

FRAM 


HP compressor physical speed - rpm 

Percent HP compressor corrected speed 

HP compressor corrected inlet axr flow - Ibs/sec 

HP compressor inlet air flow - lbs/sec 

HP compressor pressure ratio 

HP compressor adiabatic efficiency 

Overall cycle pressure ratio 

HP corapr essor discharge total temeprature - deg R 
HP compressor discharge total pressure - psia 
Combustor pressure ratio 
Main combustion efficiency 

HP turbine 1st stage nozzle inlet total temperature - deg R 
HP turbine rotor inlet gas flow - Ibs/sec 
HP turbine rotor inl£t total temperature - deg R 
HP turbine adiabatic efficiency 
HP turbine pressure ratio 

HP turbine discharge total temperature - deg R 
LP turbine rotor inlet total gas flow - Ibs/sec 
LP turbine rotor inlet total temperature - deg R 
LP turbine rotor inlet total pressure - psia 
LP turbine adiabatic efficiency 
LP turbine pressure ratio 
LP turbine physical speed - rpm 
Primary exhaust duct pressure ratio 
Primary jet nozzle throat total gas flow - Ibs/sec 
Primary jet nozzle throat total temperature - deg R 

Primary jet nozzle throat total pressure - psia 

Primary jet nozzle throat actual area ~ sq in 

Primary jet nozzle throat effective area - sq in 

Primary jet nozzle exit velocity - ft/sec 
Primary stream gross thrust - lbs 
Ram drag - lbs 


Note: In reverse mode the fan cycle stations are assumed consistent with 

direction of flow so that location on engine is reversed (i.e. duct 
exit is conventional Station 1, inlet throat is conventional Station 18). 
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Bypass Exhaust Nozzle Throat 

Bypass Exhaust Nozzle Discharge 


Figure 5-4, Station Designations - Separated Flow Turbofan Cycle, 
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Fan flow scrubbing loss along the core casing. 

Fan flow scrubbing on the engine portion of the pylon. 
Core flow scrubbing on the center plug, 
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41 m/sec (80 knots) 

61 m (200 ft) Altitude 
65% Thrust 



UTW Component Operating Characteristics During Approach 








Table 5-1 V. UTW Experimental Engine 
Reverse Mode Performance 


Table 5-V. UTW Plight Engine 
Performance. 



Through 

Through 


Flat Pitch 

Stall Pitch 

ALT 

0 

0 

XM 

0 

0 

DTAMB 

+31 

431 

W 

-6405 

-6405 

src 

0.678 

0.543 

W14Q2 

8.29 

10.36 

PAMB 

14.696 

14.696 

KRAM11 

0.984 

0.980 

XMU 

- 


T1 

549.67 

549.67 

PI 

14.463 

14.408 

XML 

3447 

2905 

PCNLR 

106.3 

89.5 

W2AR 

523.8 

592.7 

W2A 

494.8 

559.1 

P13Q12 

1.176 

1.136 

B12D13 

0.476 

0.575 

BOPDBO 

Rev 

Rev 

W14 

441.6 

509.9 

TX4 

604 

585 

PX4 

17.01 

16.36 

PX8QX4 

1.0 

1.0 

AX8 

2698 

2698 

AB18 

1704 

2279 

VX9 

545 

461 

FG19 

-7446 

-7234 

T23 

549.67 

549.67 

P23 

13.02 

12.98 

P25Q23 

0.90 

0.90 


T49 

2084 

1905 

P49 

41.79 

36.51 

64905 

0.905 

0.903 

P49Q5 

2.60 

2.32 

XNL49 

8497 

7161 

P8Q5 

0.978 

0.983 

W8 

54.46 

50.18 

T8 

1678 

1568 

P8 

15.71 

15.50 

AS 

541 

541 

AE8 

528.2 

527.8 

V9 

618 

534 

PQ9 

1041 

829 

FRAM 

0 

0 
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ALT 

0 

0 

30000 

XM 

0 

0 

0.8 

DTAMB 

+31 

+31 

+18 

IH 

18300 

17400 

3856 

SFC 

0.310 

0.324 

0.736 

TT14Q2 

12.08 

11.98 

11.40 

PAMB 

14.696 

14.696 

4.364 

BRAM11 

1.0 

0.982 

0.993 

XM11 

- 

0.778 

0.804 

T1 

549.67 

549.67 

484.92 

PI 

14.696 

14.424 

6.610 

XML 

3157 

3157 

3319 

PCNI A 

94.53 

94.53 

105*81 

WAR 

894.0 

894.0 

894.0 

W2A 

868.4 

852.4 

415.9 

P13Q12 

1.274 

1.279 

1.394 

B12D13 

0.882 

0.884 

0.862 

P23Q2 

1.209 

1.209 

1.219 

62023 

0.787 

0.788 

0.786 

ROPDBG 

T/0 

T/O 

Cr 

W14 

802.1 

786.7 

382.3 

T14 

594 

595 

541 

P14 

18.72 

18.45 

9.21 

P18Q14 

0.986 

0.986 

0.988 

P18 

18.46 

18.19 

9.10 

A18 

2494 

2536 

1867 

AE18 

2417 

2458 

1836 

V19 
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650 

1041 

P019 

16642 

15824 

13124 

T23 

589 

589 

521 

P23 

17.77 

17.44 

8.06 

P25Q23 

0.983 

0.983 

0.981 


T49 

2098 

2114 
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P49 
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64905 
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0.914 
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3.42 
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4.71 

XNL49 
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8629 

P8Q5 

0.985 

0.985 

0.958 

W8 
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67 15 

34 31 

T8 
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1606 

1473 

P8 

16.49 

16.40 

5.89 

A8 

507.0 

515.0 
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V9 
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F09 
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0 

0 

10514 
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performance and as a result requires a relatively high engine speed to achieve 
the required reverse thrust level as shown in Column 1 of Table 5-1 XI. The 
engine speed level shown exceeds any forward mode engine speed requirement. 

Rotation of the rotor blades in the other direction, through fan stall, 
results in higher aeromechanical stress levels, but when the stalled region is 
cleared in the reverse position, the blades have better aerodynamic performance. 
As a result, fan airflow and efficiency are higher and engine speed is signifi- 
cantly less as shown in Column 2, Table 5-III. 


5.4 UTW FLIGHT ENGINE AND SYSTEM PERFORMANCE 

pie UTW flight engine has the same objective thrust levels as the experi- 
mental engine. The components are uprated relative to the experimental engine. 
Fan efficiency levels are approximately 1.5% higher, and MQT level F101 core 
components are utilized. 

Internal cycle parameters and performance for the flight engine are shown 
in Table 5-V. Parasitic and cooling flows for the flight cycle are included in 
Figure 5—3, nomenclature is the same as for the experimental engine. Both 
uninstalled and installed maximum power conditions at sea level static are 
shown in Table 5-V. Installed performance is shown at the cruise condition, 
Mach 0.8, 9144 m (30,000 ft). Relative to the experimental engine, the SFC is 
about 3% better on the flight engine. 


5.5 OTW EXPERIMENTAL ENCINE AND SYSTEM PERFORMANCE 

The OTW propulsion system incorporates a single-stage, gear-driven fan 
with the hub stratified to provide a higher pressure rise than the bypass 
section. The fan stream and core stream exit confluently from a common exhaust 
nozzle with 17% mixing assumed to occur between the two streams. The cycle 
provides 93,413 N (21,000 lb) thrust uninstalled at sea level static conditions, 
flat rated to a 305° K (90° F) day. Installed, with effects of inlet ram 
recovery allowed for, the thrust level is 90,299 N (20,300 lb). At the cruise 
condition, Mach 0.8, 9144 m (30,000 ft), the uninstalled engine thrust level 
is 21,129 N (4750 lb). PFRT level F101 core components are utilized. 

Parasitic and cooling flows for both the OTW experimental and flight 
engines are shown in Figure 5-6. 

Internal cycle parameters and performance for the OTW experimental engine 
are shown in Table 5-VI (see cycle nomenclature Table 5- VI I and station 
designations Figure 5-7) . Columns 1 through 4 in Table 5-VI show engine 
performance corresponding to the objectives presented in Table 5-1. The 
performance levels shown meet the objective levels with the exception that the 
turbine rotor inlet temperature is 11° K (19' K) high at sea level static, un- 
installed. Since the cooling system capability is significantly greater than 
that of the base core engine design, those in*- reused temperature levels are not 
expected to effect experimental engine oper.it ion. 
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Table 5-VI. OTW Experimental Engine Performance. 
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ALT 

0 

0 

0 

30000 

30000 

200 

200 

XM 

0 

0 

0 

0.8 

0.8 

0.121 

0.121 

DTAN© 

h3X 

0 

+31 

+18 

+18 

0 

0 

FN 

2X000 

2X000 

20300 

4750 

4649 

16464 

10702 

SFC 

0.348 

0.336 

0.363 

0.723 

0.734 

0.408 

0.396 

W14Q2 

X0.03 

X0.08 

9.94 

9.83 

9.83 

10.23 

10.85 

PAN© 

X4.696 

X4.696 

14.696 

4.364 

4.364 

14.590 

14.590 

ERAM1X 

X.O 

X.O 

0,982 

1.0 

0,993 

0.987 

0.994 

XM11 


_ 

0.778 


0,804 

0.790 

0.564 

TX 

549.67 

518.67 

549.67 

484.92 

484.92 

519.48 

519.48 

PX 

X4.696 

14.696 

14.424 

6.657 

6.610 

14.554 

14.655 

XNL 

3863 

3751 

3878 

3678 

3678 

3739 

3112 

PCNLR 

98.93 

98.91 

99.33 

100.3 

100,3 

98.51 

81,98 

W2AR 

894.0 

894.0 

894.0 

894.0 

894.0 

894.0 

749.5 

W2A 

868.4 

894.0 

852.4 

418,8 

415,9 

884.7 

746.9 

PX3QX2 

X .347 

1.346 

1.358 

1,383 

1.383 

1.333 

1.217 

EX2DI3 

0.867 

0.867 

0.865 

0.857 

0.857 

0.868 

0.877 

P23Q2 

X .428 

1.428 

1.428 

1.439 

1.439 

1.425 

1.290 

E2D23 

0.792 

0.792 

0.792 

0.785 

0.785 

0.792 

0.802 

WX4 

789.7 

813.3 

774.4 

380.2 

377.5 

805.9 

683.9 

TX4 

606 

512 

608 

540 

540 

571 

554 

PX4 

X9.79 

19.78 

19.58 

9.21 

9.14 

19.40 

17.83 

PX7QX4 

0.978 

0.978 

0.978 

0,979 

0,979 

0 977 

0.982 

PX7 

X9.35 

19.34 

19.16 

9.02 

8.95 

18.96 

17.51 

T23 

624 

589 

625 

553 

553 

590 

569 

P23 

20.99 

20.99 

20.64 

9,58 

9.51 

20.74 

18.91 

P2SQ23 

0.982 

0.982 

0.982 

0.981 

0.981 

0.983 

0.988 

T49 

2333 

22X8 

2363 

2213 

2214 

2188 

1867 

P49 

65. 5X 

65.35 

65.32 

31.50 

31.28 

63.35 

46.60 

E49D5 

0.902 

0.901 

0.901 

0.897 

0.897 

0.902 

0.893 

P49Q5 

3.50 

3.50 

3.53 

3.57 

3.57 

4.35 

3.17 

XNL49 

7963 

7734 

7996 

7583 

7583 

7709 

6416 

P57QS 

0.977 

0.977 

0.982 

0.976 

0.976 

0.977 

0.985 

P58 

X9.03 

19.02 

18.84 

8.88 

8.81 

18.63 

17.27 

W8 

870.4 

896.0 

854.4 

419.8 

416.8 

886.5 

748.0 

T8 

724 

683 

729 

656 

656 

678 

638 

P8 

X9.03 

19.02 

18.84 

8.88 

8.81 

18.63 

17.27 

A8 

2790 

2790 

2853 

2319 

2319 

2853 

2853 

AES 

2703 

2703 

2720 

2279 

2278 

2765 

2769 

V9 

787 

763 

775 

1146 

1146 

741 

600 

P09 

2X000 

21000 

20300 

15339 

15164 

20177 

13836 

RUM 

0 

0 

0 

10589 

10515 

3713 

3134 
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Table 5-VII. Mixed Flow Turbofan Nomenclature 


ALT Altitude - feet 

XM Flight Mach number 

DTAMB Temperature increment from standard day ambient temperature 
FN Net thrust - lbs 

SFC Specific fuel consumption - lbs/hr/ lb 

W14Q2 Bypass ratio 

PAMB Ambient pressure - psia 

ERAM11 Ram recovery 

XM11 Engine inlet throat Mach number 

T1 Fan inlet total temperature - deg R 

PI Fan inlet total pressure - psia 

XNL Fan physical speed - rpm 

PCNLR Percent fan corrected speed 

W2AR Engine inlet total corrected flow - lbs/sec 

W2A Engine inlet total flow - lbs/ sec 

P13Q12 Fan bypass pressure ratio 

E12D13 Fan bypass adiabatic efficiency 

P23Q2 Fan hub pressure ratio 

E2D23 Fan hub adiabatic efficiency 

W14 Bypass duct total flow - lbs/sec 

T14 Bypass duct total temperature - deg R 

P14 Bypass duct inlet total pressure - psia 

P17Q14 Bypass duct pressure ratio 

P17 Bypass duct discharge total pressure - psia 

T23 Fan hub discharge total temperature - deg R 

P23 Fan hub discharge total pressure - psia 

P25Q23 Intercompressor transition duct pressure ratio 

XNH HP compressor physical speed - rpm 

PCNHR Percent HP compressor corrected speed 

W25R HP compressor corrected inlet air flow - lbs/sec 

W25 HP compressor inlet air flow - lbs/sec 

P3Q25 HP compressor pressure ratio 
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Table 5-VII. Mixed Flow Turbofan Nomenclature. (Concluded) 


E25D3 

P3Q2 

T3 

P3 

P4Q3 

E36D4 

T4 

W41 

T41 

E41042 

P41Q42 

T42 

W49 

T49 

P49 

E49D5 

P49Q5 

XNL49 

P57Q5 

P53 

W8 

T8 

P8 

A8 

AE8 

V9 

FG9 

FRAM 


HP compressor adiabatic efficiency 
Overall cycle pressure ratio 

HP compressor discharge total temperature - deg R 
HP compressor discharge total pressure - psia 
Combustor pressure ratio 
Main combustion efficiency 

HP turbine 1st stage nozzle inlet total temperature - deg R 
HP turbine rotor inlet gas flow - lbs/sec 
HP turbine rotor inlet total temperature - deg R 
HP turbine adiabatic efficiency 
UP turbine pressure ratio 

HP turbine discharge total temeprature - deg R 

LP turbine rotor inlet total gas flow - lbs /sec 

LP turbine rotor inlet total temperature - deg R 

LP turbine rotor inlet total pressure - psia 

LP turbine rotor adiabatic efficiency 

LP turbine pressure ratio 

LP turbine physical speed - rpm 

Core duct pressure ratio 

Exhaust duct inlet total pressure - psia 

Jet nozzle throat total gas flow - lbs/sec 

Jet nozzle throat total temperature - deg R 

Jet nozzle throat total pressure - psia 

Jet nozzle throat actual area - sq in 

Jet nozzle throat effective area - sq in 

Jet nozzle exit velocity - ft/sec 

Gross thrust - lbs 

Ram drag - lbs 


1 15 



Station 

0 

1 

2 

23 

25 

3 

4 

41 

42 
49 

5 

57 

58 
8 
9 

12 

13 

14 
17 


Descript ion 

Free Stream Air Conditions 

Inlet /Engine Interface 

Fan Inlet 

Fan Hub Discharge 

HP Compressor Inlet 

HP Compressor Discharge (Stator Exit) 

Combustor Discharge 

HP Turbine Rotor Inlet 

HP Turbine Discharge 

LP Turbine Rotor Inlet 

LP Turbine Discharge 

Core Duct Exit 

Exhaust Duct Inlet 

Exhaust Nozzle Throat 

Exhaust Nozzle Discharge 

Fan Inlet 

Fan Tip Discharge 

Bypass Duct In)et 

Bypass Duct Exit 


Figure 5-7. Station Designations - Mixed Flow Turbofan Cycle. 
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A fan corrected flow limit of 406 kg/sec (894 lb /sec) is used to establish 
maximum power at all flight conditions, as on the UTW engines. 

Installed performance at cruise is shown in Column 5. The effect relative 
to uninstalled thrust is a decrease of 445 N (100 lb). This is due to ram 
recovery alone, since there are no scrubbing losses as on the UTW. 

Installed approach conditions at maximum power (Column 6) and 65% power 
(Column 7) are also shown in Table 5-VI. Part power operation at approach is 
accomplished by setting the exhaust nozzle to takeoff area and reducing engine 
speed to get to the required thrust level. 


5.6 OTW FLIGHT ENGINE AND SYSTEM PERFORMANCE 

Objective thrust levels for the OTW flight engine are the same as those 
for the experimental engine. Fan efficiency is uprated 1.5% relative to the 
experimental engine, and MQT level F101 core engine components are assumed. 

Internal cycle parameters and performance for the OTW flight engine are 
shown in Table 5-VIII. Parasitic and cooling flows are sho»v in Figure 5-6; 
nomenclature is the same as for the OTW experimental engine. Maximum power 
conditions at sea level static are shown in Table 5-VIII for both uninstalled 
(Column 1) and installed (Column 2) conditions. Installed performance is shown 
at the cruise condition, Mach 0.8, 9144 m (30,000 ft) (Column 3). The SFC 
difference relative to the experimentla engine is a little over 2%. 
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Table S-VIII. OTW Flight Engine 
Performance. 
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ALT 

0 

XM 

0 

BTAMB 

*31 

PN 

21000 

SPC 

0.339 

W14Q2 

10.14 

PAMB 

14.696 

E RAM 11 

1.0 

XM11 

- 

T1 

349.67 

PI 

14.696 

m 

3870 

PCNLR 

99.12 

W2AR 

894.0 

W2A 

868,4 

P13Q12 

1.352 

E12D13 

0.881 

P23Q2 

1.430 

E2D23 

0.790 

W14 

790,5 

T14 

606 

P14 

19.86 

P17Q14 

0.978 

PIT 

19.43 

T23 

625 

P23 

21.01 

P25Q23 

0,982 


T49 

2223 

P49 

68.60 

E49D5 

0.906 

P49Q5 

3.71 

XNL49 

7979 

P57Q5 

0.985 

P58 

19.11 

W8 

870.3 

T8 

712 

P8 

19.11 

A8 

2741 

AE8 

2655 

V9 

786 

F09 

21000 

FRAM 

0 


© © 


0 

30000 

0 

0.8 

♦31 

*18 

20300 

4647 

0,355 

0.717 

10,03 

9.80 

14,696 

4,364 

0.982 

0.993 

0.778 

0.804 

549.67 

484.92 

14.424 

6.610 

3885 

3692 

99*49 

100.7 

894.0 

894.0 

852.4 

415.9 

1.352 

1.392 

0,880 

0.865 

1.430 

1.443 

0.790 

0.783 

775.1 

377.4 

607 

541 

19.65 

9.20 

0.979 

0.980 

19.23 

9.01 

625 

554 

20.66 

9.54 

0.982 

0.981 


2253 

2119 

68.52 

33.21 

0.905 

0.893 

3.73 

3.81 

8009 

7611 

0.984 

0.983 

18.92 

8.88 

854.3 

416.8 

717 

647 

18.92 

8,88 

2758 

2286 

2673 

2247 

774 

1138 

20300 

15161 

0 

105X4 
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SE CTI ON 6.0 

FAN AERODYNAMIC DESIGN 


6.1 SUMMA RY 

Tho aerodynamic design of both the variable-pitch UTW and fixed-pi tch OTW 
geared fans was completed during the Preliminary Design Phase. P 

At the major operating conditions of takeoff and maximum cruise a 
corrected flow of 405.5 kg/sec (894 lbm/sec) was selected for both fans which 
enables common inlet hardware to yield the desired 0.79 average throat Mach 
number at the critical takeoff noise measurement condition. The aerodynamic 
design bypass pressure ratio is 1.34 for the UTW and 1.36 for the OTW which is 
intermediate between the takeoff and maximum cruise power settings. The 
takeoff pressure ratios are 1.27 for the UTW and 1.34 for the OTW. The take- 

fllfi2°fr/ Cte \ £ iP T G o S are 289 m/SeC (95 ° ft/sec) for the UTW and 354 m/sec 
f f /se ^ f°y the 0TW * 111686 P^ssure ratios and speeds were selected on 
the basis of minimum noise within ..:e constraints of adequate stall margin and 
core engine supercharging* s 

J* 16 f an was designed to permit rotation of the blades into the reverse 
nf h! 0 ,? operation through both flat pitch (like a propellor) and the stall 
th^H d f r ^ ctioas - ^ vane-frame, which is common to both engines, performs 
the dual function of an outlet guide vane for the bypass flow and a frame 
support for the engine components and nacelle. The UTW island configuration 
was selected specifically for the reverse thrust mode of operation 


6.2 UTW FAN 


6.2.1 Operating Requirements 

The major operating requirements for the under-the-wing (UTW) fan (Figure 
) are takeoff, where noise and thrust are of primary importance, and 
maximum cruise, where economy and thrust are of primary importance. At take- 
a low fan pressure ratio of 1.27 was selected to minimize the velocity of 
the bypass stream at nozzle exit. A corrected flow of 405.5 kg/sec (894 lbm/sec) 

Is rat i? ? i6ldS the rec l ulred engine thrust. The inlet throat 

is sized at this condition for an average Mach number of 0.79 to minimize the 
forward propagation of fan noise. This sizing of the inlet throat prohibits 
^° r ^ ted f l6W at altitude cruise. The required maximum cruise thrust 
is obtained by raising the fan pressure ratio to 1.39. The aerodynamic design 
point was selected at an intermediate conoition which is a pressure ratio of 8 
1.34 and a corrected flow of 408 kg/sec (900 lb/sec). Table 6-1 summarizes 
the key parameters for these three conditions. 




Fan Pressure* Ratio 











Table 6-1. 


Total fan flow 

Pressure ratio - bypass flow 
[Pressure ratio - core flow 
[Bypass ratio 
Pitch setting 
Corrected tip speed 


QCSEE UTW Variable-Pitch F an 
Design Point f TakeofT 


408 kg/sec 
(900 lb/sec) 

1.34 

1.23 

11.3 

Nominal 

306 m/ sec 
(1005 ft/sec) 


405.5 kg/sec 
(894 lb/sec) 

1.27 

1.20 

11.8 

Open 2° 

289 n/ sec 
(950 ft/sec) 


b -SilgjjLjjc sJ g n Feat ures 


Maximum Cruise 

405.5 kg/sec 
(894 lb/sec) 

1 .39 

1.21 

11.4 

Closed 2° 

324 m/sec 
(1063 ft/sec) 


diu^: This permits rotation of the hi , • D ‘ 1,10 chord is linear with 

peration through both the flat pitch lnt ° tho rov <-*rse thrust mode of 

tiD e< i ions * ^ spf,oricai r a ..„ d tht . sla ,r* t - 

ti»i 1 8 i"v"d c c,s^rf ,out thc ° f pitch r ^su.“ i, ,r rovi<k ' s Bw ' d |>i -' d ‘-- 

belfit of°!*h " e8llelblc •«*•>»« impact „£ ewraff }?!"', *‘«U margin 
C ru ns might be encountered during a bird 'strike”^ ° f inadvcrLen t 

t^nt* ^5 1 tt“” C rotor' 1 tir‘hords 8t T‘ ! ‘ )< ’ WnStr “ d “ “ f the rotor 

“t with ■ d ^bt^r:„nt:™^ is rr ult 

v'”'',""' 10 * 

Mediately fouling S e roL^Ttf i fV lel ‘‘ S “ mwTM rai, * ! - 

the^splitcer heading ^edgo^ JJe”' 

slx 8truts ln ehe ~ 
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af , h T fl 1 h fll ! nd configuration was selected specifically to permit the attainment 
of a high hub supercharging pressure ratio for forward pitch operation without 
causing a large core flow Induction pressure drop during reverse pitch opera- 
tion, see Section 6.2.3. In the forward mode of operation, a vertex sheet 
is shed from the trailing edge of the island in the form of a swirl angle dls- 

the W ity r: in :\ m r ° f the SWlrl in the flOW Under the lsland is removed by 
i k to I tal 1 P ressure on top of the island differs from that under the 
island only by the losses in the core OGV, hence the Mach numbers of the two 

n ! arly ,f he 8a ? e * 11,6 General Electric CF6-6 fan incorporates a 

similar island configuration, except that the bypass OCV’s are on top of the 

island and there is no swirl in the bypass flow at the island trailing edge. 

A vortex sheet is shed from the trailing edge of this island configuration 
also. This vortex sheet is in the form of a velocity magnitude disconti- 
nuity. Tlie swirl angle is zero both on top of and under the island but the 
total pressures difter by the work input in the tip region of the 1/A stage. 
Numericaily, tne strength of the QCSEE UTW island shed vortex is approximately 
the same as the strength of the CF6-6 island shed vortex. The orientation of 
the vortex vectors are rotated approximately 70° however. 

6.2.3 Reverse Flow 


A major feature of the UTW fan is its ability to change the direction of 
fan thrust by reversing the direction of flow through the fan. This flow 
reversal affects the pressure level into the core engine (and, hence, the core 
engine s ability to produce power) in two ways. First, tiieiv is the direct 
loss of tne fan hub supercharging pressure; and second, there is the loss 

of S rhi ate ? If 1 *” indactl “ 8 tl,u flow into c °re engine such as the recoveries 
of the exlet, vane frame, turn around, splitter loading edge, core 0GV\s, and 

gooseneck struts. The first loss is obviously related to tne magnitude of the 
design (forward mode) fan hub pressure ratio, but the second loss is also 

tUiS ” a8nitUdC ‘ ThlS 15 S ° because ’ when operating in the reverse 
®° de * ca ® ber ° n the core portion OGV’s is in the wrong direction and 

aid cSre r® 8 in foiVard operation increases the camber of both bypass 

and core OGV s. Concern over tnis matter because of relatively high hub 

pressure ratio of the UTW fan was the primary reason for selecting the island 
approach. The major advantage to this configuration is that flow can enter 
the core compressor through the axial gap between the island and splitter and 
T? 7 3 p? ld tUe problum ef aversely oriented camber on the core OGV’s. The 
in^h 1 " 8 < ? U8t Stl11, of cnurse » Pass through the axially oriented struts 

m” in A St 8 ° oae " cck * Relatively, this path for the flow is much less 
restrictive. A second benefit is that the bluntness of the splitter leading 
edge, compared to the island leading edge (which would be the splitter leading 
edge if the axial gap were filled), is conducive to minimizing losses associated 
with reversing the axial component of the core portion flow from its forward 
direction in the bypass duct to its aft direction in the core transition duct. 

flat- thruSt ? an be achieved by rotating the blades through the 

flat pitch (like a propeller) or the stall pitch directions. Rotation of the 

lnt ° ™ thrUSt condlti ° n « constraint on selection of bind, 

solidity. This depends primarily on the direction in which the blades are 


rotated and the blade twist. The constraint is on those blade sections which 
pass through a tangential orientation, e.g., the leading edge of each blade 
must be able to pass the trailing edge of the adjacent blade, or physical 
Interference will result. Therefore, those sections must have a solidity less 
than unity. 

Figure 6-3 shows a tip and hub section of two adjacent blades in nominal, 
reverse through flat, and reverse through stall orientations. The 45° tip 
stagger for both reverse through flat and reverse through stall was selected 
based on experimental reverse thrust performance. For blade rotation through 
the flat pitch direction, the entire blade span is constrained to a solidity 
less than one. For rotation through the stall pi ten direction, the outer 
portion of the blade is not constrained. However, because of the 40° twist 
in the blade, the chord of the hub region cannot be increased significantly 
without interference. The assumed orientation of the tip section would have 
to be in error on the order of 5® before significant hub region chord increase 
could be accommodated. Even if a hub region chord increase could be accommo- 
dated, a significant increase in supercharging potential is probably not 
available because the implied increase in blade twist would probably cause a 
physical interference. 

It was therefore concluded that a hub solidity less than unity was a 
design requirement for reverse through stall pitch rather than a compromise 
to permit reverse through flat pitch. 


6 *2.4 Performance Representation with Variable Pitch 

The variable pitch feature of the UTW fan adds a third independent 
variable to the representation of fan performance in that, in addition to 
normal independent variables of speed and operating line, the blade pitch 
angle is also required. It has been found, however, that experimental stage 
characteristics at different rotor pitch angle settings can be collapsed into 
a nearly universal characteristic applicable for all blade angle settings. 

The method used to collapse the characteristics was to deduce the rotor 
incidence and deviation angle from the test data and then calculate the 
performance of the stage at nominal blade angle with the rotor operating at 
this incidence and deviation angle and the test efficiency. A separate 
correlation of aerodynamic loading is used to identify a stall limit, as the 
collapsing technique breaks down due to the change in aerodynamic loading 
inherent in the transformation. Figure 6-4 shows the stage characteristics 
assumed for the UTW fan at 100% corrected speed for a range of pitch angles. 

In the reverse flow mode of operation a similar, but simplified, form of the 
universal characteristic approach is used to represent fan performance. The 
same collapsing technique is incorporated to include the effect of blade angle 
setting. 



Reverse 

Through 

Flat 

Pitch 


Figure 6-3. UTW Blade Geometry at Different Pitch Angle Settings* 







6 . 2 . 5 Detailed Configuration Design 

The corrected tip speed at the aerodynamic design point was selected at 
306 ro/sec (1005 ft/sec). This selection is a compromise for design purposes 
between 289 m/sec (950 ft/sec) at takeoff and the 324 m/sec (1063 ft/sec) at 
maximum cruise. The objective design point adiabatic efficiency is 882 for 
the bypass portion and 78% for the core portion. A stall margin of 16% is 
projected at takeoff, nils stall margin is provided at minimum tip speed by 
incorporating circumferential grooved casing treatment over the rotor tip. 
Minimum tip speed is important because of the favorable impact of low tip 
speed on fan generated noise, fan efficiency in the transonic region, and the 
mechanical design of the variable pitch system. An inlet radius ratio of 
0.44 balances the desire to minimize fan diameter within the physical con- 
straints of the variable-pitch mechanism and gear box and good fan hub super- 
charging for the core engine. A fan inlet flow per annulus area of 199 
kg/sec-nr (40.8 lb/sec-ft2) at the design point results in a tip diameter of 
1.803 m (71.0 in.). 

The standard General Electric axisymmetric flow computation procedure was 
employed in calculating the velocity diagrams. Several calculation stations 
were included internal to the rotor blade to improve the overall accuracy of 
the solution in this region. Hie physical island geometry is represented in 
the calculations. Forward of the island and in the axial space between the 
island and the splitter, calculation stations span the radial distance from 
0D to ID. Within the axial space of the island, calculation stations span 
the radial distance between the OD and the topside of the island and between 
the underside of the island and the hub contour. In the bypass and core inlet 
ducts, calculation stations are also included. At each calculation station 
effective area coefficients consistent with established design practice were 
assumed ♦ 

A special constraint is necessary in the aerodynamic design of the island 
geometry in that a smooth flow or Kutta condition must be satisfied at the 
trailing edge of the island. The technicjue employed in this design was to 
specify a calculation station at the axial location of the island trailing 
edge which spanned the total flowpath height from OD to ID. Using this 
technique, a continuous radial distribution of static pressure results which 
was assumed to be consistent with matching the Kutta condition. The radial 
location of the island stream functiou at this calculation station was 
determined and the upstream geometry of the island was then adjusted to pro- 
vide a smooth continuous contour blending into this point. Iteration was 
obviously necessary because of the interaction of the assumed geometry with 
the calculated radial location of the island stream function. Convergence was 
found to be quite rapid. An artificial radial displacement was incorporated 
between the island upper surface streamline and the island lower surface stream- 
line in order to avoid problems in calculating the streamline curvatures. This 
displacement was assumed equal to the island thickness at the trailing edge and 
was smoothly blended to zero at an axial distance of approximately 10 edge 
thicknesses downstream. 
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The design radial distribution of rotor total pressure ratio is shown in 
Figure 6-5, This distribution is consistent with a stage average pressure 
ratio of 1,34 in the bypass region. Despite the lower than average pressure 
ratio in the hub region, it has been maximized to the extent possible subject 
to the constraint of acceptable rotor diffusion factors so as to provide 
maximum core engine supercharging. A stage average pressure ratio of 1.23 
results at the core QGV exit. The radial distribution of rotor efficiency 
assumed for the design is shown in Figure 6-6. The assumption of effiency, 
rather than total pressure loss coefficient, is a General Electric design 
practice for rotors of this type. This distribution was based on the measured 
results from similar configurations with adjustments to account for recognized 
differences. The radial distribution of rotor diffusion factor which results 
from these assumptions is shown in Figure 6-7. The moderately high diffusion 
factor in the tip region of the blade, where stall generally initiates, confirm 
the need for casing treatment to obtain adequate margin. The radial distri- 
butions of rotor relative Mach number and air angle are shown in Figures 6-B 
and 6-9, respectiveiy . 

The assumed radial distribution of total-pressure-loss coefficient for 
the core portion OGV is shown in Figure 6-10, The relatively high level, 
particularly in the ID region, is in recognition of the very high bypass 
ratio of the UTW engine and accordingly the small size of the core OGV compared 
to the rotor. The annulus height of the core stator is approximately one-half 
of the rotor staggered spacing, a significant dimension when analyzing secondary 
flow phenomena. It is anticipated that core OGV will be influenced by the 
rotor secondary flow over the entire annulus height. The diffusion factor, 

Mach number and air angle radial distributions which result from the design 
assumptions are also shown in Figure 6-10. An average swirl of 0.104 radian (6°) 
is retained in the fluid at exit from the core OGV. This was done to lower 
its aerodynamic loading and the magnitude of the vortex sheet shed from the 
island. The transition duct (core inlet) struts are cambered to accept this 
swirl and remove it prior to entrance into the core engine. 


6.2.6 Rotor Blade Design 

The detailed layout procedure employed in design of the fan blade generally 
parallels established design procedures. In the tip region of the blade, 
where the inlet relative flow is supersonic, the uncovered portion of the 
suction surface was set to ensure that the maximum flow passing capacity is 
consistent with the design flow requirement. Incidence angles in the tip 
region were selected according to transonic blade design practice which has 
yielded good overall performance for previous designs. In the hub region, 
where inlet flow is subsonic, incidence angles were selected from NASA cascade 
data correlations. 

The blade trailing edge angle was established by the deviation angle which 
was obtained from Carter's Rule applied to the camber of an equivalent two- 
dimensional cascade with an additive empirical adjustment, X. This adjustment 
is derived from aerodynamic design and performance synthesis for this general 
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Design Stream Function 














type or rotor. Hie incidence end deviation angle, and empirical adjoataent 
angle employed in the design are shown In Figure 6-11. 

Over the entire blade span, the minimum passage area, or throat, must be 

iosses^and^ lo^nonunifornitie.T* IT ’ the 

smallest throat area, consiatent with perndttlng ^.ign^riou to^pa... i. 
desirable since this minimizes overexpans alone the forward portion 

s . deE £ 

capture area exceeds the criticaj. area mu- blade 

circular arc sections* 

rS2SS£S5*rS^ 

S^riySU? pe n^Uef L.ociated with altering the configuration (sucha. 

a S« tin chord or a reduction in blade number) to reduce the hub 

tSchne^-t^^rd raUolo O.lO. a value nor, repreeentative of pact experience. 


6.2.7 Core OGV Design 

OGV to provid^a^rugged 8 mechanical system.^Thi^selection was in recognition 

s s Sr^-ivS-SsSSaSr 

The orofiles for the core portion OGV are a modified NASA 65-series 
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Section 


Rod i us 

(cm) (in,) 



1 

85.8 

33.8 

2 

76.2 

30,0 

3 

66.8 

26.3 

4 

57.2 

22.5 

5 

47.7 

18.8 


Tip L,E, Radius = 90.2 cm (35.5 in.) 
Hub L.E. Radius = 40.1 cm (15. H in.) 
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Figure 6-13. U TH Fan Blade Plane Sections. 
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Rotor Camber 


a "d ®^ a BKer Angle, degrees 


Figure 6-1 
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incidence and deviation anglea are shown in Figure 6-16 and the geometry which 
results is shown in Figure 6*17# The throst ores for the selected geometry was 
checked to ensure sufficient margin to pass the design flow. Iho results are 
shown in Figure 6-16. The minimum margin relative to the critical contraction 
ratio was 6%, which is sufficient to avoid choke. Figure 6-18 is a cylindrical 
section of the OGV at the pitch line radius. 


6.2.8 Transition Duct Strut Design 

The transition duct flowpath is shown in Figure 6-19. The ratio of duct 
exit to duct inlet flow area is 1.02. There are six struts in the transition 
duct which are aerodynamlcally configured to remove the 0.105 radian (6°) of 
swirl left in the air by the core OGV’s and to house the structural spokes of 
the composite wheels (see Figure 6-2). In addition, at engine station 196.5 
QFigure 6-2), the 6 and 12 o clock strut positions must house radial accessory 
drive shafts. The number of struts and axial position of the strut trailing 
edge were selected identical with the F101 engine to minimize unknowns in the 
operation of the core engine system* The axial positions and thickness re- 
quirements of the composite wheel spokes were dictated by mechanical consid- 
era t- ons * axial location of the strut leading edge at the OD was 

determined by its proximity to the splitter leading edge. At the OD flowpath, 
the strut leading edge is 17.8 mm (0.7 in.) forward of the wheel spoke. A 
relatively blunt strut leading edge results from the 26.7 mm (1.05 in.) wheel 
spoke thickness requirement. The wheel spoke is radial. The lean of 

the strut leading edge provides relief from the LE bluntness at lower radii 
and makes the LE approximately normal to the incoming flow. Since the 
Mach number in the 0D region is less than 0*5 and since the boundary layer 
along the outer wall initiates at the splitter LE, no significant aerodynamic 
penalty was assessed because of the bluntness. A NASA 65-series thickness 
distribution was selected for the basic profile thickness which was modified 
for the special considerations required in this design. The strut thickness 
is the same for all radii aft of the forward wheel spoke LE (Figure 6-19) to 
facilitate fabrication. A cylindrical cut cross section showing the nominal 
strut geometry at three radii is shown in Figure 6-20. The thickness distri- 
bution for the 6 and 12 o’clock struts was further modified for the envelope 
of the radial drive shaft. Cylindrical cut cross sections of these struts are 
also shown in Figure 6-20. The leading edge 40% chord of these further 
modified sections is identical to that of the nominal strut geometry, and 
aft of forward wheel spoke LE, the strut thickness is the same for all radii. 
The core engine has demonstrated operation in the presence of a similar thick 
strut in the F101 application without duress* 


6*2*9 Vane-Frame Design 

The vane-frame performs the dual function of an outlet guide vane for the 
bypass flow and a frame support for the engine components and nacelle. It is 
a common piece of hardware for both the UTW and OTW engine fans. It is inte- 
grated with the pylon which houses the radial drive shaft at engine station 
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196.50 (see Figure 6-2), houses the engine mount at approximately engine 
station 210, provides an Interface between the propulsion system with the 
aircraft system, and houses the forward thrust links. The vane-frame further- 
more acts as an inlet guide vane for the UTW fan when in the reverse mode 
of operation. 

A conventional OGV system turns the incoming flow to axial. The housing 
requirements of the pylon dictate a geometry which requires the OGV’s to 
underturn approximately 0.174 radian (10 8 ) on one side and to overturn approx- 
imately 0.174 radian (10 8 ) on the other side. The vanes must be tailored to 
downstream vector diagrams which conform to the natural flow field around the 
pylon to avoid creating velocity distortions in the upstream flow. Ideally, 
each vane would be individually tailored. However, to avoid excessive costs, 
five vane geometry groups were selected as adequate. 

The Mach number and air angle at inlet to the vane-frame are shown in 
Figure 6-21 for both the UTW and OTW fans. In the outer portion of the bypass 
duct annulus, the larger air angle in the UTW environment results in a higher 
incidence angle for it than for the OTW environment. The Mach number in the 
outer portion of the annulus is also higher in the UTW environment. When 
selecting incidence angles, a higher Mach number environment naturally leads to 
the desire to select a higher incidence angle. The amount by which the 
incidence angle would naturally be increased due to the higher Mach number UTW 
environment is approximately equal to the increase in the inlet air angle of 
the UTW environment. In the inner portion of the annulus, the inlet Mach 
number and air angle are higher for the OTW environment. The natural increase 
in incidence angle desired because of the higher Mach number is approximately 
the same as the increase in the inlet air angle. As a result of these con- 
siderations, no significant aerodynamic performance penalty is accessed to 
using common hardware for both the UTW and OTW fans. 

Locally, near the bypass duct ID, there is a discontinuity in the aero- 
dynamic environment of the UTW configuration. This discontinuity represents 
that portion of the flow which passes under the island but bypasses the 
splitter. The calculation ignored mixing across the vortex sheet. In the 
design of the vane geometry no special considerations were incorporated because 
of this discontinuity since it is believed that in a real fluid the mixing 
process will greatly diminish the vortex strength. 

The vane chord at the OD was selected largely by the mechanical require- 
ment of axial spacing between the composite frame spokes. At the ID, the vane 
leading edge was lengthened primarily to obtain an aerodynamically reasonable 
leading edge fairing on the pylon compatible with the envelope requirements of 
the radial drive shaft. The ID region is significantly more restrictive in 
this regard because of choking considerations, particularly for the OTW environ- 
ment, with the reduced circumferential spacing between vanes. The solidity 
resulting fi. a 33 vanes, an acoustic requirement, was acceptable from an aero- 
dynamic loading viewpoint as shown in Figure 6-22. The two diffusion factor 
curves are a result of the two aerodynamic environments, UTW and OTW, to which 
the common vane frame geometry is exposed. The thickness is a modfied NASA 
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Figure 6-21. Vane Frame Aerodynamic Environment. 
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figure 6-22* Vane Frame Nominal Vane Config- 
uration. 
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The radial distributions of camber and stagger for the nominal and two 
extreme vane geometries are shown in Figure 6-25. The radial distributions of 
chord and solidity for the nominal vane are shown in Figure 6-26. The design 
held the leading and trailing edge axial projection common for all five groups 
which results in slightly different chord lengths for the other four vane 
types . 


6.3 OTW FAN 


6.3.1 Operating Requirements 

The major operating requirements for the over-the-wing (OTW) fan. Figure 
6-27, are takeoff, where noise and thrust are of primary importance, and 
maximum cruise, where economy and thrust are of primary importance. A 
secondary requirement was to utilize hardware common to the UTW fan when no 
significant performance penalty was involved. At takeoff, a low fan pressure 
ratio of 1.34 was selected to minimize the velocity of the bypass stream at 
nozzle exit. A corrected flow of 405.5 kg/sec (894 lb/sec), the same as for 
the UTW, at this pressure ratio yeilds the required engine thrust. The inlet 
throat is sized at this condition for an average Mach number of 0.79 to 
minimize forward propagation of fan noise. This sizing of the inlet throat 
prohibits higher corrected flow at altitude cruise. The required maximum 
cruise thrust is obtained by raising the fan pressure ratio to 1.38. The 
aerodynamic design point was selected at an intermediate condition, which is a 
pressure ratio of 1.36 and a corrected flow of 408 kg/sec (900 lb/sec). 

Table 6-11 summarizes the key parameters for these three conditions. 


Table 

6-11. QCSEE OTW Fan. 


Parameter 

Design Point 

Takeoff 

Maximum Cruise 

Total fan flow 

408 kg/sec 
(900 lb/sec) 

405.5 kg/sec 
(894 lb/sec) 

405.5 kg/sec 
(894 lb/sec) 

Pressure ratio - bypass flow 

1.36 

1.34 

1.38 

Pressure ratio - core flow 

1.43 

1.43 

1.44 

Bypass ratio 

9.9 

10.1 

9.8 

Corrected tip speed 

358 m/sec 
(1175 ft/sec) 

354 m/sec 
(1162 ft/sec) 

359 m/sec 
(1178 ft/sec) 


6.3.2 Basic Design Features 

A cross section of the selected OTW fan configuration is shown in Figure 
6-28. The fan outer flowpath, vane-frame including outer and inner flowpath 
and transition duct including the six frame struts are all common to the UTW 
fan configuration. Thus the integrated nacelle vane-frame assembly is common 
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tc- both propulsion systems. There are 28 fixed-pitch rotor blades. The overall 
proportions for the rotor blades, blade number, and radial distributions of 
thickness and chord were selected to provide a satisfactory aeromechanical 
flight-type composite configuration. However, to minimize overall program 
costs, titanium was substituted for the actual blade construction. The stall 
margin for the OTW fan is projected to be adequate. The circumferential grooved 
casing treatment, however, can be retained from the UTW fan to provide aaded 
protection against stall. The rotor was positioned axially such that the 
trailing edge hub intersects the hub flowpath at the same axial station as the 
UTW which puts the aft face of the fan disk at approximately the same engine 
station. A tip axial spacing between rotor trailing edge and vane— frame 
leading edge equal to 1.9 true rotor tip chords results. The vane-blade ratio 
is 1.18. Immediately following the rotor, in the hub region, is a splitter 
which divides the flow into the bypass portion and core portion. The proximity 
of the splitter leading edge to the rotor blade is to enable additional design 
control on the streamlines in the hub region to provide improved surface 
velocity and loading distributions. The 156 OGV’s for the fan hub, or core 
portion, flow are in the annular space under the splitter. 


6.3.3 Detailed Configuration Design 

The corrected tip speed at the aerodynamic design point was selected at 
358 m/sec (1175 ft/sec). This was selected for design purposes, as a compromise 
between the takeoff and cruise tip speed requirements. The objective design 
point adiabatic efficiency is 88% for the bypass portion and 78% for the core 
portion. Requirements include 16% stall margin at takeoff and high fan hub 
pressure ratio to provide good core engine supercharging. An inlet radius ratio 
of 0.42 was selected, compared to 0.44 for the UTW fan, to provide additional 
annulus area convergence at rotor hub which reduces the hub aerodynamic loading. 
Discharge radius ratios are approximately the same for the two fans. For the 
1.803 m (71.0 in.) tip diameter, a flow per annulus area of 194 kg/sec-m^ 

(39.8 lb/sec-ft 2 ) results. 

The standard General Electric axisymmetric flow computation procedure was 
employed in calculating the velocity diagrams as was outlined in Section 6.2.4. 

The design radial distribution of rotor total pressure ratio is shown in 
Figure 6—29. This distribution is consistent with a stage average pressure 
ratio of 1.36 in the bypass region. The higher than average pressure ratio 
in the hub region provides maximum core engine supercharging subject to a 
balance between the constraints of acceptable rotor diffusion factors, stator 
inlet absolute Mach numbers, and stator diffusion factors. A stage average 
pressure ratio of 1.43 results at the core OGV exit. The assumed radial distri- 
bution of rotor efficiency for the design is shown in Figure 6-30 which was 
based on measured results from similar configurations (Quiet Engine, Fan B) . 

The assumption of efficiency rather than total-pressure-loss coefficient is a 
General Electric design practice for rotors of this type. The radial distri- 
bution of rotor diffusion factor which results from these assumptions is shown 
in Figure 6-31. Figures 6-32 and 6-33 show the radial distributions of rotor 
relative Mach number and air angle, respectively. At the rotor hub the flow 
turns 16° past axial which corresponds to a work coefficient of 2.6. 
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Figure 6-29. OTW Radial Distribution of Rotor Total 
Pressure Ratio. 


189 



0.0 


0.2 


0.8 


1.0 I 

0 


Figure 


190 


Design Stream Function 



Design Stream Function 



Figure 6-31. OTW Radial Distribution of Rotor Diffusion 
Factor, 
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Figure 6-32. OTW Radial Distribution 


of Rotor Relative Mach Numbe 





Figure 


8 * 





the core portion OGV is shown in Figure 6 34 * P ™ Baur ?~ loS8 coefficient for 
particularly in the ID region i/in l 6 ~ 3 ?\ The rel atively high level, 
ratio of the OTW engine anW * j? r ® co 8 &ition of the very high bypass 

OGV compared to the rotor. ^ThrannilS^eight^th^^^^ Sl2e ° f the COre 
irately 70% of the rotor staggered sowing * f !£? COre Stat ° r ls a PP^x- 
analyzing secondary flow phenomena. It ia*a 8l * nifiaant dimension when 
portion of the core OGV will be influenced K° * aipated that a significant 
moderately high core OGV diffusion factors rotor 8aconda ry flows. The 

numbers, as shown in Figure 6-34, were contr^nM 8 t* 8 ' and lnlet m ° h 

pressure-loss coefficient assumption! c ° ntributln 8 Actors in the total- 
the fluid at exit from the core OGV like swirl of 6 ° is retained in 

done to lower its aerodynamic loading The tr configuration. This was 
for the UTU configuration were cambered to deal8ned 

6 * 3 *4 Rotor Blade Desi gn 

relative Mach number of^^M^a^reSeti 61 *?' ted . as 1 * 3 * With a rotor tip inlet 
performance potential of the* configuration ** Th P 8 ° lidity would lower the overall 
as 2.2. The primary factors InlJS selection w.r 0 ^ h “ k solldlt >' «“ aelected 
sufficient passage length to do the reauired r ° t0r hub loadin 8 and 

distribution is linear with radius Mechlntff , turnin 8 ‘ radial chord 
that this chord distribution and the MleSed^T Wa8 provided to ensure 

in M8Ure 6 ' 35 a ” d 6 - 36 ' ~ d a 

SaomeS Sa^y^aUeirStablS^ T deSlg ” ° £ thd £ “ ^ 

Section 6.2.5. In the tip re Son of d ? 8 * gn Procedure as outlined in 

is supersonic, the uncovered portion oAhSsSti** 6 inlet relative flow 
that the maximum flow passing capacity is rrm «4 *.° n SU f^f Ce was set to ensure 
requirement. The InclSence fngUs L tte STre^f “? desl «” flo “ 
to transonic blade design practice which has **"! selected according 

for previous designs. In the hub region »Llt It ed *° od ove rall performance 
incidence angles were selected from NASAcascade j e ,. inlet flow is subsonic » 
ments from past design experience The Ma^ «- 4 ?, a corre iations with adjust- 

by the deviation angle which was obtained ff G t ^ ailln f ed 8 e angle was established 
camber of an equivalent-^ tlnlJZ obtained from Carter’s Rule applied to the 

adjustment, X. This adjustme^t^ derived S from Wlth , an additlve empirical 
mance synthesis for this general type of rotor aarod y nainlc design and perfor- 
significant turning past axial results in orofile H °i! eVer ’ ln the r ° tor hub » the 
turbine blades. Design practice in^urbine blade lev^t th3t resemble impulse 
sections using the full empirical adlustmen t« y J 8U88ested that blade 

the flow. This overturninrby the ro^r w^iH d r6SUlt in an over f«tning of 

Mach-number-high- loading condition on the coJe OGV^c^ 3 rela . tivel y high- 
adjustment was reduced 2® in this region The Consec ^ en tly the empirical 

6-37 ^h* e “ PlrlCal a "P^cd 1„ SgS 


194 



6-34. OTW Radial Distribution for Core 






Rotor Chord, in 



196 


Figure 6-35* OTVV Rotor Chord Distribution 
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Figure 6-37. OTW Rotor Incidence, Deviation, and Empiri 
cal Adjustment Angles. 




Over the entire blade span, the minimum passage area, or throat, must be 
sufficient to pass the design flow including allowances for boundary layer 
losses, and flow nonuniformities. In the transonic and supersonic region the 
smallest throat area, consistent with permitting the design flow to pass, is 
desirable since this minimizes overexpansions on the suction surface. A 
further consideration was to minimize disturbances to the flow along the 
forward portion of the suction surface to minimize forward propagating waves 
that might provide an additional noise source. Design experience guided the 
degree to which each of these desires was applied to individual section layouts. 
The percent throat margin, the percentage by which the ratio of the effective 
throat area to the capture area exceeds the critical area ratio, is shown in 
Figure 6-38, The values employed are generally consistent with past 
experience . 

The resulting blade shapes have very little camber in the tip region. 

In the mid-span region, the shapes generally resemble multiple circular arc 
sections with the majority of the camber occurring in the aft portion. In the 
inner region, the shapes are similar to a double circular arc. Figure 6—39 
shows plane sections through the blade at several radial locations. The 
resulting camber and stagger radial distributions are shown in Figure 6—40. 


6.3.5 Core OGV Design 

A moderately low aspect ratio of 1.3 was selected for the core portion 
OGV to provide a rugged mechanical system. This selection was in recognition 
of the potentially severe aeromechanical environment of the core OGV, i.e., 
large rotor blade wakes, because of its small size in relationship to that of 
the rotor blade. A solidity at the ID of 2.24 was selected to yield reasonable 
levels of diffusion factor. Figure 6-34. The number of OGV's which result is 
156. 


Profiles for the core OGV are multiple circular arcs. The incidence angle 
over the outer portion of the span was selected from a correlation of the NASA 
low— speed cascade data. Locally, in the ID region, the incidence angle was 
reduced 4°. This local reduction in incidence was in recognition of traverse 
data results on other high bypass fan configurations which show core stator 
inlet air angles several degrees higher than the axisymmetric calculated values. 
The deviation ‘gle was obtained from Carter's Rule as was described for the 
rotor blade, bu*" no empirical adjustment was made. The resulting incidence 
and deviation angles are shown in Figure 6—41. An average throat area 5 A 
greater than the critical contraction ratio was employed in the design. The 
throat area margin is shown in Figure 6-41. Locally, in the ID region, the 
margin is zero for the axisymmetric vector diagrams. However, as noted above, 
the anticipated inlet air angle in this region will be several degrees higher, 
and therefore the capture area will be several percent lower than the axisra- 
metric calculation. The effective throat-to-capture area ratio will therefore 
increase to provide adequate margin. 

The multiple circular arc mean line consisted of a maximum radius arc 
forward of the throat, which occurs at the passage leading edge. This arc 
was determined by the incidence and throat area selection. A small blend 
region transitioned into a second arc prescribed by the overall camber require- 
ment. The resulting radial distributions of camber, stagger, solidity, chord, 
and thickness-to- chord ratio are given in Figure 6-42. Figure 6-43 is a 
cylindrical section of the OGV at the pitch line radius. 
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Figure 6-40. OTW Camber and Stagger Radial Distribution. 


Radius, in 
















SECTION 7.0 


fflSEE VARIABLE-PITCH ACTUATION SYSTEMS 
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7.1 DESIGN REQUIREMENTS AND CRITERIA 
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Table 7-1 ♦ Variable Pitch System Design Requirements 


Normal Range Extreme Range 


RPM of Fan 

0 - 3326 

3450 without Actuation 

Blade Twisting Torque ^ 

See Figure 7-2 

1695 Nm (15,000 lb-in.) (2) 

Blade Overturning Moments 


22,600 Nm (200,000 lb /in.) 

Centrifugal Load for 
Blade and Dovetail Only 

15,196 kg (33,500 lb) 
(at 3200 rpm) 

Must not burst at 4432 
rpm (141% of T/O rpm) 

Actuation Rate 

135° /sec max 


Actuation Jogging at Blades 

0.5° Steps Minimum 


Feedback Signal Accuracy 

40.25° Blade Position 


(3) 

Flight Maneuver Forces 

Per MIL-E-5007C 
(12/30/65) Par 3.14 
except Precession 
Rate shall be one 
Radian per Sec Max 



( 1 ) 

Friction must be included over and above this data. 

^FAA Advisory Circular AC 33-1B, 4-22-70. 

^Polar moment of inertia of blades * 305 MN/m 2 (44,376 psi) 


2000 


Twisting Moment , N-m 
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Figure 7-2. UTW Fan Maximum Net Twisting Moment 




• Lighter weight, due to elimination of the heavy, large diameter 
thrust reverse r 

e Faster thrust response 

e Improved off-design SFC 

e Reduced off-design noise generation. 

General Electric has already demonstrated the capability to successfully 
design and develop variable-pitch fan rotor systems. The variable-pitch fan 
program included a demonstration of on-line blade pitch variation on a high 
speed fan rotor. This fan completed over 60 hours of fault-free operation in 
December 1972. This system was disassembled, inspected, and rebuilt into the 
reverse pitch fan (RPF) configuration, shown in Figure 7-3. The reverse pitch 
fan completed a comprehensive test program spanning an additional 100 hours. 
The RPF Program was also completely free of mechanical problems and provided 
successful demonstration of on-line modulation between forward and reverse 
thrust. 


7.2.1 Design Studies 

Design studies on the QCSEE UTW variable-pitch fan blade actuation mechanism 
have been completed by General Electric as part of the total effort to define 
a viable variable-pitch fan system concept for possible commercial application. 
Major considerations in these studies included structural integrity, bird strike 
resistance, life and reliability, weight, development risk and cost, maintain- 
ability, production unit cost, and suitability for eventual usage by the airlines. 

The proposed GE ball spline actuation system, shown in Figure 7-4, functions 
in the following manner. Pinion bevel gears attached to each of 18 fan blades 
are rotated by the motion of two counteracting master bevel gears. These master 
bevel gears are rotated by a double-acting helical ball spline driven by a rigid 
translating sleeve. A ball screw drives the translating sleeve through a stroke 
of 10.2 cm (4 in.) to achieve a blade rotation of 2.36 radians (135°). All thrust 
loads developed are close looped within the actuator mechanism. 

As shown in Figure 7-4, power to drive the ball screw is provided by the 
fan shaft, acting through a gear differential which is controlled by a system of 
hydraulically actuated disk brakes. A ball/ramp-type no-back is included 
between the differential gear and the ball screw to allow torque to be trans- 
mitted only in one direction. 

Torsional stops at each end of the ball screw limit the actuator travel. 
Mechanical stops in the ball spline, although normally not engaged, are a 
backup system to limit stroke. In this particular design the large master gears 
are easily reindexed to permit demonstrator testing through both flat pitch and 
stall. 

At maximum fan speed stop-to-stop actuation time is one second. A linear 
variable displacement transformer (LVDT) is used to provide the intelligence 
to the position feedback system. 
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Figure 7-3. Reverse Pitch Fan Cross Section 





Figure 7-4. GE Ball Spline Actuator System. 
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the two master bevel soars . As shown In thoT" S >’" chr ‘ , " l2l "f »*«■ 

load sharing and add redundancy to the svatf^ Thf* th fV° master 8£mrfl allow 
mesh is designed to achieve the * ? overall gear ratio of this 

between two adjacent blades A shim i a ® ear within the space available 

The shim 1. located to visually ascortLr^ t0 pr0per toot " »»hing. 

low for normal actuation to?o„ee^ “?nl» toper aeaembly. Gear etreaaee are 

to 1694.8 Nm (15.000 lb/tn.), which could occur due to a"Mrd° s «ite. t0r,Ue8 “ P 

«** - -•« Roar 

during operation. Th.ee methode'proved've" suc™.“ul SS ITvZr. 

epllne^t^lfr^re^rTtJ: *£ ofZ, ,Tg“ u 6aU 

S3WS « thelTbolLd fLge 5^or P ^ar BOtb 


height TTT"? f0r b ? “ 0t °" ly increas ing the number 01 ^“^.%™“!!*' 
to eight but also Increasing the ball diameter In the ball spline. 

resulting bln sc™ «h»t*UL* 

.. 1116 J 5311 ® rlde in 3 continuous path made up of a loaded track and a r P t-„™ 
guide. The return guides are tubes located out of the load zone The loaded 

r Mi~ v/— 1- 


lbl Jd e ir XlmU ? ! c 5 uator d ® 8l8n thrust load is approximately 117.9 kN (26,500 
lb and is carried by two thrust bearings. The larger bearing is a face 

the sin I! 8 W ? iCh 18 r fP re8entatl ve of a design used in the VPF/kPF. For 
smaller bearing, a multiple row angular contact bearing will be used. 

sinrfll^ f^ 1 ® pllne tran8l fting member is integrated with a ball screw very 

®“ 8UCCe8full y U8ed 13 en 8ine thrust reyerser actuators. ^ 

w f Tac n° P 8e To C f P h t8 d 86 ? thn ? t rever8ea * ^11 screws will be used, along 
witn a backup set of hard stops on the translating sleeve. 8 
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Figure 7-5. UTW Ball Spline Actuator 


Actuator design loads are: 
• Maximum Input Torque 


28,472 Nm (252,000 lb-in.) 

• Maximum Allowable Stall Torque 53,667 Nm (475,000 lb-in.) 

• Calculated Life (travel) 24.01 x 10 4 m (9.8 x 10 6 in.) 

• Required Life for 48,000 Missions 1.67 x 10 4 m (0.656 x 10 6 in.) 

(travel) 


Assuming an efficiency of the ball spline and sc~ew of 81%, the input torque 
requirement to the "no-back" and differential mechanism is approximately 154.8 
Nm (1370 lb-in.). This includes the frictional torque requirement of the thrust 
reacting bearings. 

Lubrication is provided from the engine lube system and will be supplied 
at the engine centerline from the stationary housing of the brake drive 
assembly. Although this detail is not shown on the included cross sections, 
no problems are anticipated in providing a system of sleeves and to 

centrifugally direct the oil to the critical areas in the actuator. Oil will 
be centrifuged outward and drain back to the sump along the outer housing wall. 

All seals will be designed so no dynamic head of oil is present at the seal 
interface. 

7.2.3 Brake Drive and Differential Gearing 

A gear differential controlled by a system of disk brakes is shown in Figure 
7-6. Although the actuation system also lends itself to the possibility of being 
actuated by a comb inat ion differential/maln engine lube pump which is being 
studied for the QCSEE engine, it is proposed to actuate the brakes hydraulically 
by the same source as the fan nozzle actuation system. The disk brake system in- 
cluded in this design is basically the same as clutch designs used successfully on 
Curtis-Wright turboprops. 

A planetary differential gear concept, shown in Figure 7-6, overdrives or 
underdrives the actuator with reference to the fan shaft speed by selectively 
activating the proper brake. When one brake is activated, the speed reducing 
sun gear is stopped and the planetary motion is imparted to the ring gear of 
the speed reducer gearing causing it to overdrive the fan shaft speed. Acti- 
vating the other brake allows the differential motion gear to increase the 
speed of the sun gear in the speed reducer gearing so that the ring gear 
underdrives the fan shaft speed. 

The differential motion gear is composed of two sun gears to which three 
double-planet gears, and three single-planet gears mesh. The forward sun gear 
is designed to prevent clashing with the double -planet gear and meshes with 
the single planet. The speed reducer gear ratio has been selected to provide 
2.36 radians (135°) /second blade rotation at 100% fan speed. 
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Hydraulic 

Pistrons 



Figure 7-6. Brake Dri 


ve and Differential Gearing. 





Hie concept shown in%i^re d 7-4 S features d a°disk e brak neta t y /i differential 8ear * 
riding balls which allw torque to be tran*^ / ? a ' ted u P° n b ? ramp 
design shown is commercially Available. ® itted onl y in one direction. The 

7*2*4 Feedback Mechanism 

tra„s^™rS™1, M tTOT“» aiHreseSr 6 ls / f llne « variable differential 
jet control systems; their reliability a^neSr^ f ° r 8ensing P° sition on 
rugged construction is needed for the? se*™,? a rma ? ce are P rove n. The inherently 
LVDT is accurate to within +0.25% of fuirscale^^en^M” 6 envlronment - 
with backlash and signal conditioning 1 * ^ thls accura cy is combined 

*>♦5* over the enviro^L^ WOuld be within 

voltage which is proportiLa^t^th^dLpLceL^^Th 0 C °I* *“ a ° output 
fed U through rprim^^indSg^rma^et^ C °* 1S * /“ ^matijg current'is 

in the secondary coils With the f taga of equal magnitude is induced 

the output is Sose tn^rn the secondary coils connected in series opposed, 

between the primary and one'secondaVcoil L’we^^wMle'th*' th '.“ uplln * 
between the primary and the other .2^ L S^d A * .« 

difference betwe^he^o voltajee?^ 17 C ° U “ d the < ” ,tpot voltagc "he 

r-psrr ■s'.s^sx :™ 
sra rs-iiss sr„ “srcsr 

7.2.5 Weight 

fan systens^™r^bSTn t ." el8ht8 ^ Pr ° PMCd variable-pitch 
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Table Mi. wel^S^r, . Cen.r.! Electric Variable-Pitch 


ZE£ 

lb 

23.9 

52.7 

43.6 

96.2 

10.4 

23.0 

3.7 

8.2 

29.4 

64.8 

2.7 

5.9 

3.9 

8.7 

2.2 

4.9 

119.8 

264.4 


Fan Disk 

Blade Retention System 
Thrust Bearing 
Pinion Gear and Shims 
Actuator Assembly 
No-Back and Differential Gear 
rake Assembly/Feedback/Control Value 
Actuator Support Housing 

Total 

7 * 3 HAMILTON STANDARD A CTUATION system 

The proposed Hamilton Standard variabl*»-ni t-M. * 
seated in Figure 7-7. Major component Wludedtn S actUation s y s ^m is pre- 
Regulator Module (elect ro-hvdrauli inc ^ded^ in the system are the Beta 

variable differential transformers) flexibl^d J ydraal ^ c niotor » and two linear 
train, spring-type no-back han«nni« iexible drive shaft, differential gear 

(blade actuation arms), and the fan ro^rdisrind^rijfcore?' 116 *** trunnlons 

command is given fro^HnSne^ig^ ? " 8 * analo 8 ^put 

valve* The servovalve motion dirAnt*« u an e ^ ec t ro, -hydraulic servo- 

th lc !l4£ lves a rotatin 8 flexible cable sendiJgTpitch 1 ^*' 0 hydraullc motor 
the differential gear set to the no back- motion l/th han ® e comma nd through 
the harmonic and cam track to the blades’ <1 h « no back is sent through 

between the turns of the hvdrAni-t*. *. ' V 1 e 5 e a fixed relationship 

thus the LVDT is driven byde hydraulic th ® blade ^e < beta > postion; 
to the digital control which doses the loo£° r SK* J rov * dln 8 a beta feedback 
separated Into the following S^neSs. P ' ** descrl P tl “" 

le Cam Drive Harmonic Actuator 

• Cam and Trunnion 

• Harmonic Drive 




Spring Clutch (No-Back) 
Diffential Gears 
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Quick Disconnect 
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Figure 7-7* QCSEE Variable Pitch Actuation System* 




2 . 


Input Power 

• Flex Cable Drive 

* Z a X t01 (EHV > Motor, and 


7 * 3 * 1 Blade Trun nion and Roller 
As illustrated In Figure 7 -q , . 

can^and^re t ^ nion ‘ trunnions collect lade “t 18 transmitted to the cam by 
cam and reach from the large oerlnWai blade tor< l ue for summation at the 7 
i 1 ***** of the cam. n * f the <“* “ th. « 

a ratio^fV??? 6 P ° int ° f minimu ® system weiS^r^*** 108 has been °Pti- 

“•.jsr 

angS «S Ze t0rsional deflection from the Roller ? f? d ±D bendln 8 and balanced 

C ^l ±0a ““w4?hTS* 000 ‘SS* 1 ) ^eY'T li^itld 6 for°tSTbSd e stJike 

SSSaT nt , Pr0Tl, '“ tor ”“ condensation r ° U<!r o^trifugal 

8 n a lower harmonic output requirement. lade mass twisting moment 

S2 *f? 8teel Chr “o Plo«d with a 
film lubrication of the roller t* , c J rowned to eliminate end loadine tw 

dynamic oil sea! at eLh bUdeT^niot h “ elected in orde“ 0 Lif* 

Slkor»> 01 T ( mal;erla:lS wlth molybdenum disilfide*™ 0 . i* a co,1 P a ction of 
life ni 7 Aircraft » can meet the life requirement f ^ f? d » based °n testing at 
Oieo appears to he further enhen^l^S ZSZS2?2S'JZ. 

cross C pinned“ d !*£ ^ f<>r Corrosion 

difference ia in the use of dry fil“ 

7 . 3.2 n ~ - • - 


Cam Drive Harmonic Actuator 


drive actuator anfbladfdSve camHs described bflow! aS8enblies > the harmonic 
engages ^sphJricafc^^rack 6 * ^ nnion r °ller assembly which 

output of a high ratio hamonic frlvT £?* ** raounted integrally 5th Se 
extension attached to the disk mounting h^i^ asseinbl y is supported by an 
by the output of a planetary- type difffrential*** 6 ™* 1116 harmonlc is driven 

change p25 ^^deTb^^eXh^ 8 

end ia tranamitted to th. differentia! by 8 “a"«a“ ^ 
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Figure 7-9. Blade Retention and Actuation System 



M50TF1623-S1 havTSit collned Sth H^ilton ^ d d® 7 68 8 P eclfic ation 

tion twisting moment (FTM) and the Staadard 8 estimate of blade fric- 

Plotted versus b“de snrie '““J twisting moments haV e been 

calculated by a Hamllton St^d^n ? le " r “ ? - 10 “ d 7 -U- The Pm was 
284.7 kN (64*000 lb) and l ball bearSg slld^nf ^ mJ”? * ce ”trlfugal load of 
In addition, the blade twisting ® lldl “8 coefficient of friction of 0.075. 

effect of the blade trunnion The m *v-r SVe be€m reduced b y the counter-weighting 

lb- In.) toward open atTblade “rfr^2T'“ 1: ’^i ht m °“ nt U 113 N » »» 
pitch and 84*75 Nm (750 lb /in ) i de 8 rees vAen reversing through flat 

reversing througTfeather. Cl ° 8e ** “ “e le ° f degrees 4en 

7*3*3 Cam 

The cam provides a means for summing individual ki 0 j a i j 

cu^t! “ rh ^ addltlo,1, 

always normal to the spherical surfaced ^ the “a 11 ** “ ,lt<!rline 

the cam track similar to a bevel Bear meat, 1 he rol3er re mains parallel to 

forlhfbi^d'st^kf^r It L”co a ated Ur iT lltd F, *«“* % eW st£n™f 

m-46010 (M os 2 + epoxy Mnd^foT^rStZ'r^sl 
7*3*4 Harmonic Drive 

developed a three-lobed harmonic drive for the v 99I n ? and 

which is of similar size load and 1 X ~ 22A Duct rotation system 

for the QCSEE pitch-change actuator. A^^thar 31515 !^ 311 ! 1011 t0 the pro P° sed des ign 
the wheel drive for the Lunar Rover Vehicle. ” aerospace application is 

The harmonic drive consists of three ba«iir oiomonto. ..t. 
the flexspline, and the circular spline The r, r L Tw W3Ve 8 ene rator, 

ellipsoidal in shape and is surrounded by I baU ttllilt T? /^erator is 
called the flexspline* is in the form * i? r f n8# A flexin 8 element, 

external gear teeth Th! f? 1 * orm ° f a thin-walled cylinder with a set of 

by the wave generator. m“Sc“ar spUnf Is'f Alii e f U ' ,8 ° 1<lal 

ternal gear teeth which are In InuLS contact th he e'u nsoLa”! S'" a 1 "’ 
external gear teeth of the fl P y Bn n„o vu wlcn tne ellipsoidal-shaped 

spline differs from tie ^mber “f Jeeih InZ rZ ° issr teeth on the fl«t- 

:pn::^”r^rde 8 :Lid he difi:« a „r la 7 iiM ^“="rS.t”; to Ro t ““^: 

Pitch system (Figure 7-7), the opposite 00^^^ ' fleJspHnr^Sen^ir 
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below and to the right of the trunnion roller) is splined to the fan rotor, 
Movement of the harmonic drive wave generator therefore causes the cam to clock 
relative to the fan rotor, 

In the proposed design, the flexapline and circular spline are vacuum melted 
AMS 4340 alloy steel at 35-39 R<<. The wave generator is AMS 4150 steel. 

In the basic harmonic drive configuration, the wave generator is the input 
element and the output is the flexspline. The reduction ratio for this drive is 
determined by the following formula: 

Ratio = N C 

n f -n c 

where N p is the number of teeth on the flexspline and N c is the number of teeth 
on the circular spline, three more than Np (as applied to the proposed design 
this would represent a ratio of 230:1), 

It is convenient from a comparative standpoint to say that the output 
capacity of the harmonic drive follows the relationship: T - KD 3 , where 

T «* Torque capacity, Nm (lb-in.) 

D «* Pitch diameter of the output member, cm (in.) 

K • Torque constant, i/d3 

Using this relationship it is possible to compare designs of similar character- 
istics for overall capacity. These data are shown in Table 7-I1I. 

In the proposed QCSEE design, as in the Bell X22A duct rotation system, a 
three- lobed wave generator is used which results in a lighter design than a 
two-lobed unit since the load is reacted at three points rather than two. The 
resultant lower separating forces, stiffer rings, and improved tooth meshing 
combine to minimize weight. The principal concern in harmonic drive reliability 
is fatigue failure of the flexspline and/or the wave generator bearings. Thus, 
designs for high reliability are based on configurations which minimize these 
stress levels. 


Table 7— III. Harmonic Drive Application - Design Characteristics. 


Unit 

No. of 

Design 

Gear 

Diameter 

K 

Lobes 

Condition 

Ratio 

(mm) 

(in.) 

Bell X-22A Duct Rotation 

3 

Max. Operating 

300:1 

318.5 

12.54 

92 

Saturn Ground Transporter 

2 

Infinite Life 

- 

362.0 

14.25 

104 

SST Leading Edge Flap 

3 

Max. Operating 

Bil 

101.6 

4.0 

93 

HSD VC-82S 

3 

Finite Life 

mmm 

164.1 

6.46 

164 

HSD Test Unit 

3 

Norm Operating 

mMm 

254 

10.00 

57 

HSD Test Unit 

3 

Max. Operating 

226:1 

254 

10.00 

108 

GE QCSEE 

3 

Max. Operating 

230:1 

208.3 

8.20 

90 

GE QCSEE 

i_ 

Limit Operating 

230:1 

208.3 

8.20 

135 
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^ ffttigue life is baaed upon stress levels which fall 

Theae sMessl^ It? °" «»*m digram for the^teMalufed 

stress Slch i« li h ! TT 1 ^ 5 he COn * ined effects of deflection associated 

those arising from Jh« ed 1 ° ?* Change ° f eurvature of <*« flexspline) plus 
Jr? 8 arising from the output torque and those due to the V' field The 

a line wh^le^thrr "* pr ° portlonal to the bed thickness f'J £ the 

Th« u H ? rque 8tre8s 18 inver8e ly proportional to the bed thickness 

The bed thickness lu optimized by combining these stresses with the crone r 

Thrstre«« C r tr f tl0 I! factor * and "rtnimizing their values on the GoodmL diagram 
Meld fl rr dU ? tD J h ! centrlfu 8 a l field is primarily a hoop stress. ttis V 
6 h d8 888 }J added as • »« »d also as an increment to the £ll?ulrJL 
of the flexspline due to the slight increase in the flexspline deflection! 

tha ^P er }ence has shown that when -he above method is used no failures of 
the flexspline have resulted. 1 

A 4 lo addition to the flexspline load stress and life considerations it is 

tained^et c^f relationship of the spline teeth be main- 

This re ?LJ h Jf j ° r ax f 8 or point of tooth engagement to minimize tooth wear. 
This relationship consists of maintaining a coincident pitch line contact of 

2 »dar n^f", 1 f ° f th *» re ““l flexspline defleclton whan ^ system 
' , normal load conditions. Under these conditions, the sliding of 

This 8 M?oh r i? iSen8a8in8 J eeth a PP roaches zero end the wear rate is negligible. 
Jl! r 22 i ne r C °5 C ^? 4 accomplished by anticipating the extent of the tooth 
separation due to deflection and centrifugal load of the parts by analysis. The 

!o°!he^xLnt 8 irrM en & a * ed ^ Providing a small amount of backlash) 

l ° B xtant of this deflection. Accordingly, under load and "g" field the 
resultant forces provide tooth contact at the correct pitch line. This is a 

transmissions' 106 WhlCh 18 employed ln var ying degrees with all harmonic drive 

Hamilton Standard has been testing a large harmonic drive unit designed for 
a fan pitch change actuator for over a year. A comparison of this test unit with 
the proposed design is presented in Table 7-IV. 


Tab 

le 7-IV. Comparison of Harmonic Drives. 


HS Test Unit 

Proposed Unit 

Pitch Diameter 
Ratio 

Pressure Angle 
Design Loads 
Max. Operating 
Design K Values (1) 
Cubic Mean 
Max. Operating 

254 mm (10 inch) 

226:1 

30° 

12,202 Nm (108,000 in. -lb) 

57 

108 

208.3 mm (8.2 inch) 
230:1 
20° 

5592.7 Nm (49,500 in. -lb) 

70 

90 

^Load Capacity « K (Pitch Dia.) 3 
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points regarding the^av^g^^ several important 

U m ° de ° f bearln 8 failure in harmonic drives is identical 

£22 spal^o^t^^inne^raceway ^ 1 — * ^ 

*• Tbe l° ad capacity and resultant life at anv i nfl j 4 

are considered as well as 1 a ? U d h bearing outer race 

7*3.5 Spring Clutch 

ential gearing to hol^f^^T the differ " 

called for position whenever input torque is removed This l, 3 ? 8 6 3t 4 he laSt 

a self-energizing, silver-plated AMS 6350 steel sorine Sich^ f COnsists of 
the inner surface of the AMS 6419 st-coi v> 4 1 sp f in 8 wl *ich is in contact with 

and the necessary LuX^and be^ngs " 138 ’ th * ^ ^ ° Utput shafts > 

mJis: i^sr^jrx #f b ^ rr • vi ~ * 

®sss che s^ssi :r i 

foe Che load to drive against Che spring 

load ) ^all C q f n f h* 1 ® bl3de ^ 8l ! in the same directi °n as the load (lowering the 

then 'ho Ids SL*SjTStg £ hi SS 

production^o-backhdesign'fo^the^FlA^™^ 8b ” 3t 

^•3*6 Differential Gearing 

a 8 ” £lP "T?"' ^ 

^^•Sr^rS'dS^.^ theleferencelpeed p 1 '’ 6 ^ 
grounded sun gear. With no pitch vange' input the outputling gear' '^t locate 


Maintaining Hlade Angle 
r Input Drive—, 



Housing 

(Ground) 


Increasing Blade Angle Decreasing Blade Angle 



Figure 7-13. Spring Clutch (No-Back) Schematic. 
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at fan speed. Rotation of the input sun gear will cause the output ring to 
either advance or recede with respect to fan speed. This change in output 
the input to the no-back. 

The differential gears, which are made of vacuum meited AMS &265wi th 
carburized and hardened teeth to 60 Rc* ate capable of runni g 
for infinite life with a dynamic factor of 2.5. The gears are mounted 
needle bearings and are spray lubricated. 

7.3.7 Blade Pitch Stops 

Fixed limit stops are located between the cam and the support housing. 

Three lugs on the cam contact three mating lugs grounded to the disk. 

7.3.8 Input Shafting 

The interconnection between the powering system and the pitch change 

■ ^^sSHssArsr- 

replaced as a unit by removing the regulator assembly. 

■m. shaft sizing Is a balance of bend radius 190.5 mm (7.5 In. min.) based 
on path 6 configuration, maximum core diameter for stiffttess “* e 

balance S \ZTlt) diameter core which will 

actuator. This Balance piw* . n c c c fi®/ m (20 /ft) at maximum 

"rtatinft^-of^l^'^'lb-iL) and can withstand^adynamlc impact inlet 
torque of 24.86 Nm (220 lb-in.) without permanent deformation. 

7.3.9 Beta Regulator 

Die pitch change command and blade angle £edb 
to as the beta regulator and is loca e 7 - 14 . A blade angle change 

core cowling. A simple schemat c s s Movement of the servovalve directs 

request is sent from the control ^^/"r'defre^e pitch line to the hydraulic 
supply pressure either into the increase actuator. Since there is a 

motor which provides an in P“ h vdraulic motor angular position and blade angle, 
the^ot at ion°ofk thermo tor 6 ts sensed by the dual 1 V 0 T which provides a blade angle 
position feedback to the control. 


Drain 

Pressure 


Figure 7-14. Blade Angle or Beta Regulator. 





7.3.10 Hydraulic Motor 

The hydraulic motor is a gear-type motor similar in design to one used by 
Hamilton Standard in its VC82S propeller control. It is of sandwich construc- 
tion with steel gears and centerbody and either steel or aluminum end housings. 
The gears are floating for end face alignment and control of end clearance. 

The gear shafts are mounted on needle bearings for high running efficiency and 
low breakout torque. The motor is designed for 82.73 N/m 2 (1200 psi) across 
the motor at 75 deg/ sec pitch change rate. Stall pressure is 117.20 N/m 2 
(1700 psi), and the no-load speed is equivalent to 135 deg/sec pitch change 
rate. 


7.3.11 LVDT and EHV 


The EHV is a two-stage unit mounted integral with the hydraulic motor 
housing. 

The LVDT drive mechanism is a screw thread device which is driven by the 
hydraulic motor shafts. The proposed design would contain redundant LVDT's 
(two units) which would be mechanically linked to the shaft which is indicative 
of 8 angle. The mechanical stroke input to the LVDT would be designed to be 
50.8 mm (2 in.). For this stroke, the LVDT case length would be about 1106 mm 
(6.6 in.) and is required to obtain the specified + 0.25% of full-scale 
linearity. In the demonstration program, the particular positioning tolerances 
for the LVDT's could be eliminated by proper calibration techniques as well as 
minimizing any large thermal shaft errors. For a production application the 
unit-to-unit scale shift and thermal shifts can be removed by incorporating 
individual scale trim and thermal trim resistors within the LVDT case. 

7.3.12 Lubrication 

The differential gearing, no-back, and harmonic drive are lubricated con- 
tinuously by the gearbox lubrication system. Oil from the EHV return pressure 
(lube pressure) is routed through the flexible cable casing to the input drive 
quills and to the differential and to the harmonic wave generator plug where 
it is directed between the duplex bearings. Oil flow from one bearing flows 
through the harmonic fixed spline. The dynamic seal between the harmonic and 
the support tube is a graphite-filled Omni seal similar in design to that used 
in the SST leading edge flap system. The oil then flows centrifugally back to 
the gearbox. 

7.3.13 Accuracy 

The components which have a significant stiffness effect on the blade 
angle accuracy in going from no load to full load are summarized as follows: 

+0.15 deg. blade angle 
+ 0.10 
+ 0.10 


Trunnion 
Harmonic Drive 
Flexible shaft 


+ 0.35 


1 


2S*^i t 5^il2J r .2S 0 t jn^S ?„S. cr w" e f < ,ri atlon f 1I> betwcen input 

put turns 755 for every degree of blade angle. 

the flexible sheft'il^'balmced'dMim “ Inln “" 1 Reflection, end 

will be given to the deei^ of thfbaSeSc t »°" de£lectl<> "- Careful attention 
bearings for stiffness. In addition * ens “ re P ro Per preloading of the 

be required as well as optimizing the stiffoo« £ f tolerances *»d fits will 
circular spline, improved effec^e £££? Lt J**ST generator a " d the 
compensation to the elert-mn-i.v ^ , curacy can be obtained by addins 

condition. By this method It it ^ f ° C each gating 

can be met. 18 reit that the desired accuracy of + 0.25 degrees 

7,3,14 Igg_t Hardware Consider* 

spindl PInen rf Pr ° gra “» two option^ar^available f ^Th^f i£ s f6ather durln 8 the 

reversing 0 through°f eather*” 1 ^or°rev* ° coastant " tor< J ue caTdiS^for* 
this cam would then be used in conitoctionlrf^ pltCh * a “ irror iraa *e of 
at the spindle trunnion interface. rotating the blade 180 degress 

splined j o in t °b e tween ^ he ^ t r unni on md th* 5? rboth di rections and provide a 
indexing between the blade and the pitch PenDltS 

7*3.15 Weight 

fan £ry p 2^r i 2~ “ ei8h “ for **• P">PO~R variable pitch 

actuator; the reverse d ^o^ T feather V hM a°lonelr' < T l V ht<>U8h £lat pItch 
angle travel end therefore Sigh. 2?3 kj (5 lb"Lre 0r lnCra “ e bUde 

^r-irrs^^r; frs n - m 

would be required to increase this to 1695 Nm^l! on^iw iacrease in weight 
retention have a bird strike iopect 

slight increases ”in 8 welght a to P Jhe°pTOer S shaft a f r “ Renent salaeted involves 

aotr ° f - a££ - i « d .oi«or r Tht f ^t r^ssre JX and ' 
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SECTION 8,0 


FAN ROTOR MECHANICAL DESIGN 


8.1 SUMMARY 

An under-the-wing (UTW) and an over-the-wing (OTW) fan rotor will be built 
and tested as part of the NASA QCSEE program. The UTW fan is a variable-pitch 
design with 18 composite fan blades. This concept, which Includes full reverse 
thrust capability, is expected to offer significant advantages to a high-bypass 
fan system including: 

• Lighter weight through the use of composite fan blades and by 
eliminating the heavy, large diameter thrust reverser 

• Faster thrust response 

• Improved off -design SFC 

• Reduced off -design noise generation. 

Blade solidity has been established at less than unity to permit a detailed 
investigation of the reverse pitch mode through both flat pitch and stall. The 
flowpath has been contoured to maintain tight blade tip and hub clearances 
throughout the blade actuation range. All rotor components for the UTW fan rotor 
will be of a flight -weight design. 

The OTW fan employs 28 fixed-pitch fan blades. A flight version of the 
design would use composite fan blades, but titanium fan blades will be used in 
the experimental fan as a cost saving measure. The conceptual design with 
composite blades was used to establish the number of fan blades, and in 
conjunction with the aerodynamic design, the blade airfoil shape. The me«-.-.l 
blades require a larger fan disk rim than would be required for composite blades. 
The fan disk support cone and the remaining fan components on the experimental 
engine will be of flight design. 

Design practices and rotor material selections will be consistent with 
flight designed fan rotors for both the UTW and the OTW. This includes consi- 
deration for fan LCF life and for such FAA flight requirements as burst speed 
margin and bird strike capability. 


8.2 UTW FAN ROTOR 


The UTW fan rotor has 18 composite blades mounted on a disk in a manner 
permitting changes in the pitch of the blades. This rotor is shown in Figure 
8-1. The blades will be fabricated from a hybrid combination of PRD-49, 
graphite, boron, and S-Glass fibers in order to provide the desired combination 
of bird impact resistance and blade stiffness. The blades incorporate a metal 
foil leading edge to provide additional FOD and erosion protection. The solidity 
of the blades is slightly less than unitv along the entire blade span to allow 
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the blades to clear during actuation to reverse pitch through flat pitch. There 
either oTstdl^ “ ^ able t0 “ ^ ^ bLdes'th^gh 

TT ® lmlla f t0 that “sed on the CF6-50 fan, balance weights are 
;2f* ln Lt ! e fan spinner, and field balance of the fan Is possible without 

8 W 8 A he ®P inn er, Ease of maintenance has also been considered in the de- 
sign of the other rotor components, 

rAnl*^ e L^ m0 r a L 0f th ® fplnner, the blades can be individually removed and 
* disassembly of the blade trunnion. Access holes In the 
° f th * *1* rotating flowpath permit removal of the fan rotor, blade 
actuator, and the reduction gear as a complete subassembly. 

row Jni ^ ntr i f n gal forc e for each blade and trunnion is carried by a single- 
^ 8 ; k ThlS bearlng haa a fuU complement of ball, to rL.ce 

for rh™ b r l k ? 8 : The race has a ”“ ch hI 8har conformance than la standard 

^ badausa ° £ ltS hl8hly loadad > Intermittently actuated 
environment. The bearing is grease lubricated, with a cup shield completely 
covering the upper race and most of the lower race, thus preventing the grease 
from leaking out under high radial "g" loads. This concept was successfully 
<» General Electric’s reverse pitch fan. Grease tests have been 

.i den ^ f J ed a 8 rease for the QGSEE bearing which will not permit 
separation of the oil from the thickening base or extreme pressure additives 

mw f ? ded i n 3 centrlfu 8al field higher than those planned for the 

P ai l-safe lubrication is accomplished by a tungsten disulfide 
to the b alls and races. With this coating and under the loading 

liSicfni- ^^ bea ? inS 18 capa b le of operating 9000 engine hours after loss of 
lubricant with only a slight increase in coefficient of friction and negligible 


Secondary and vibratory loads from the trunnion are resisted 
and journal bearings located in the OD of the fan disk. 


by dry thrust 


8*2,1 Composite Fan Blades 


Design Considerations 


J rodynamic design of the UTW fan blade is presented in Section 0.2.6. 
Mechanical design considerations for the UTW fan blade were primarily a result 

°-t J eqU f J ement m , f ° r variable Pitch operation through both the stall and flat 
pitch direction. The need for a composite blade was established early in the 
preliminary design phase for the following reasons. 


• A practical metallic blade meeting aeromechanical requirements would 
require solidities of greater than 1.0 in the root which would restric* 
the variable-pitch operation of the blade to reverse pitch in onlv 

one direction, 

• Even with a higher root solidity the metallic blade design and 
resulting disk and actuation system were extremely heavy and would 
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actuation^loads? ‘ ^ ” Uak11 *'*- b ‘* b bearing loads, and high 

The p relimiiiary design of the composite blade was based primarily on the 

a J<i bird impact requirements. Consideration was given to several ” 
r? ? rlalS layup conf durations which would providf the required 
U k. !n,H !‘ m Mlnta ;“ **• capability to absorb the ^t o? a 
of the l l a j k1 r j w i t b° u < : root failure. To reinforce the impact capability 

deai - — ~ d ^ 


Mechan ical Design Requirements 


to pr^ida e re5la r tHZ”nf. f ° r ‘"M™ T P °f te fan blada “ ata “tabllahed 

2£ talaLTl ^r^aSmSai,'^* baaed OT tha typl ' al 

as follows. in preliminary design requirements are listed 


• Design Mechanical Speeds 

- 100% mechanical design - 3244 rpm 

- 100% SLS hot day takeoff - 3143 rpm 

- Maximum steady-state speed - 3326 rpm 

- Maximum design overspeed - 3614 rpm 

- Maximum burst speed - 141% 

• Design Life & Cycles 


- 36,000 hours 




~ 48,000 cycles 

1000 ground checkout cycles, full power 
Mechanical Requirements 


- Blades must operate through flat pitch and stall pitch without 
aeromechanical problems. 

Blades must satisfy FAA bird impact requirements as follows? 

— r - ^ S* 2e Number 


Starling 

Pigeon 

Duck 


0,08-0.11 kg (3-4 oz ) 54 
0.67 kg (1-1/2 lb) 9 
1.8 kg (4 lb) 1 
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Blades shall be Individually replaceable without major teardown 
Blade untwist will be factored Into airfoil configuration. 

margin 68 8haU *** wlthin Goodraan Diagram with sufficient vibratory 


fc£ St fleX fre< ? uenc y shall cross 2/rev in low 
15/£ margin over 1/rev at .115% speed. 


speed range and have 


ltait B f ea<,1 " e 8d8e protectlon 1,111 be within aero airfoil 


of T "* ° f prl ”' Stance. Succeseful operation 

" lcfc 

tl 

q resistance to foreign objects found in the short-haul environment. 


Aerodynamic Blade Parameters 


root f er ° hl f* P! rameters 18 Presented in Table 8-1. The low 

eive de^Lp^nt^d pro:f P tSun U g. COmP ° SlCe “ hlCh ta ~ 


Blade Configuration 


str'ieht £??* confl S urati °n consists of a solid composite airfoil and a 

edge 2d trail w P pL C T PO ‘ S* The d °vetail is undercut at the leading 

of the cambered airfo'il i^iS^LTlSSSriStSSr 18 tra " !! “ t °" 1 ” 8 

The airfoil definition is described by 15 radiallv «narerl 
offeet^rom^th “J s “ cked ™ « c0 ™°'> axis. The dovetail axial centerUne S i s 
dovetIil ™ansItion ?h 8 e^MH^ ^ T ( ? a ta -> t0 '™' id * 8 ~<>th airfoU-to- 

on the finiahed bladfd^'^e P^re’ M> Uaii " 8 ^ Pr0tectt<m ls 


llade Layup /Material Selection 


hlude^a selection and ply arrangement for the l JTW hvbrid composite 

blade is based on previous development efforts conducted bv General Fleet rle 

and sponsored by NASA under contract NAS 3-16777. This work led to the 





tVPICM. *Ctt THtcg OCVtTA*L 
©>VtY*io*4ft 



CONTOUR LIMITS TYPICAL 




Figure 8-2. QCSEE Stage I Molded Fai 


ORIGINAL M<* * 
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E Stage I Molded Fan Blade. 
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Figure 8-3. QCSEE Fat 

0JOGINAL PAGE 18 
POOR QUALITY 

I EOUPQUX k KtUyiM 




Table 8-1 ♦ QCSEE UTW Composite Blade Preliminary 
Design Summary. 

Aero Definition 


Tip Speed 

298 m/sec (978 

ft /sec) 

Tip Diameter 

180 cm (71 in. 

) 

Radius Ratio 

0.452 


Number of Blades 

18 


Bypass Pressure Ratio 

1.27 Takeoff 


Aspect Ratio 

2.11 


Tip Chord 

30.3 cm (11.91 

in.) 

Root Chord 

14.8 cm (5.82 

in.) 

T M Root 

1.92 cm (0.076 

in.) 

t M Tip 

0.91 cm (0.036 

in.) 

Root Camber 

66.2° 


Total Twist 

45° 


Solidity 



Tip 

0.95 


Root 

0.98 


Angle Change from Forward 

to Reverse 


Through Flat Pitch 

85° 


Through Stall 

90° 



Q>. 




v< i 


V 


* <9 


• 


selection of a combination of fibers in a single blade to provide the proper 
frequency response and bird impact characteristics to satisfy STOL engine 
conditions. Figure 8-4 shows the general arrangement of the plies in the 
QCSEE UTW composite blade. The flex root surface plies in the lower region of 
the blade contain S-glass fibers. These plies being near the surface and having 
relatively low bending stiffness and high tensile strength provide higher strain- 
to-failure characteristics thereby allowing the blade to absorb large bird 
impact loading without the classic root failure that usually accompanies brittle 
composite materials. Torsional stiffening plies in the airfoil region of 
the blade are oriented at +45° to provide the shear modulus required for a high 
first torsion frequency. These plies will contain fibers of graphite and/or 
boron depending on the measured frequency characteristics and experimental FOD 
resistance to be obtained in the several preliminary blades. Plies of Kevlar 
49 will be interspersed throughout the rest of the blade with the majority of 
them being in the longitudinal direction of the blade. Several of the Kevlar 
plies in the tip region of the blade will be oriented at 90° to the longitudinal 
axis to provide chordwise strength and stiffness to the blade for local impact 
improvement . 

The resin system being used in this program is a product of the 3M Company 
and is designated as PR288, This is a resin system that has proven satisfactory 
for the needs of advanced composite blading. Some of its unique characteristics 
in the prepreg form are: 

• Has consistent processing characteristics 

• Can be prepregged with many different fibers including hybrids 

• Uniform prepreg thickness and resin content. 

Typical properties of the PR288/AU prepreg are shown in Table 8-1 I. 

Material properties for several fiber composite prepregs are shown in Table 8-11 I. 
The basic ply layup arrangement and fiber orientation for the ncSEE preliminary 
blade is shown in Figure 8-5. The graphite/Kevlar system is preferred from the 
standpoint of bird impact and cost; however, it may be necessary to use some 
boron plies to achieve the desired first torsion frequency. 


Blade Vibration An a lysis 

Blade ’’instability" or "limit cycle vibration" can be a problem on fans. 

It is characterized by a high amplitude vibration in a single mode (normally 
the first flexural or torsional mode) at a nonintegral per— rev frequency. Tt is 
not one of the classical airfoil flutter cases and is apparently confined to 
cascades. Because of the nonlinearity in the aerodynamics involved, it has 
resisted practical solutions by solely theoretical means. Accordingly, General 
Electric has adopted a semiempirical "reduced velocity" approach for limit cycle 
avoidance. Reduced velocity, Vg, gives a measure of a blade's stability against 
self excited vibration. This parameter is defined as 
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Table 8-II, PR288/AU Prepreg Properties. 


Property 

Supplier 

Process 

Cure Schedule 

Postcure Schedule 

Flex. Strength/Elast. Mod. /Short 

Room Temp 

121° C(250 # F) 

Charpy Impact 
Fiber Volume, % 

Sp. Gr., g/cc 
Void Content, % 

Cost per kg (lb) 


PR288/AD 

3M 

Film — Cont. Tape 

2.5 hrs at 129° C (265° F) 

4 hrs at 135° C (275* F) 

Beam Shear 

193/11. 9/h.o kN/cm 2 (280/17. 2/ 

11*6 ksi) 

138 /l 1.6/5. 2 kN/cm 2 (200/16. 8/ 

7.5 ksi) 

21.2 J (15.0 ft-lb) 

59.8 

1.58 

0.0 

$232 ($105) 


Table 8-111. Composite Material Properties. 



Charpy Inpact, m-N (ft-Xb) (+10 # ) 20 (15) 10 (7.5) 47 (35) 23 (17) 26 (19.4) 19 (14.0) 


TSB 




where: 


b * 1/2 chord at 5/6 span-m 


" ' Tz\;ii:tT y reiative “ the «- -« «» -« 

ft - first torsional frequency at design rpm-rad/sec. 


£¥ u ?i ion8 1\^ i f ™ 

SSra^^SSSSS? 

QCSEE blade stability limit^ * bl * de deSlgn a8 coopared vith the anticipated 




Airfoil Stress Analysis 

A preliminary stress analysis of the UTW composite blade was oerform^H 

^ESKSSSKS. - 

condition including gas loads are shown in Figure 8-9 rivf « q t, nuo ¥ 

range diagram for the radial dlrecrLn ^^e propoLrhJbrinonZl^^'Le’'" 88 
SS k^y* amplitude!* 6 

wlthoue 0 leadlng^edge a proflillon?^ t ^” 8 ^*^ r ^* , ^~^** > ^ b ™™^*^™™ untwist**” 3 !® 3 **" 


are : 


The steady-state airfoil loads resulting from the twisted blade analysis 
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Figure 8-9. UTSf Blade Resultant Radial Stress - 3157 RPM 



Mean Stress, ksi 



Figure 8-10. Blade Life (Joodman Diagram) 















• 100% rpm centrifugal force: 118,000 N (26,500 lb) 

• maximum centrifugal force: 155,000 N (35,000 lb) 

• M tang " 50,900 cm-N (4500 in-lb), M axlal - 61,000 cm-N (5400 in-lb) 

M twi8t * 7900 cm-N (700 in-lb) 

More detailed stress analysis using three-dimensional finite element techniques 
are planned during the final design phase. 


Dovetail Design 

The dovetail design for the UTW composite blade consists of a straight 
bell-shaped dovetail with a 7.6 cm (3 in.) radius. The bell-shaped dovetail 
design reflects many years of development efforts to achieve an efficient 
dovetail configuration having both high static pull strength and good fatigue 
strength. The dovetail crush normal and shear stresses were calculated and 
are shown on their respective stress range diagrams in Figures 8-12 and 8-13. 

The combination of mean stress and vibratory stress indicate there is considerable 
margin for infinite life under steady-state operating conditions. 


Impact Analysis 

In addition to the primary aeromechanical consideration of satisfying 
flutter requirements, designing for bird impact resistance is also of prime 
importance. The OCSEE blade is required to absorb the impact of 54 starlings, 

9 pigeons, and a 1,8 kg (4 lb) duck in order to satisfy FAA specifications. 

The objectives are to sustain little or no damage during starling ingestion 
have only moderate local damage during pigeon ingestion with the loss of small 
segments of the blade tip being acceptable and to limit the gross damage 
during 1.8 kg (4 lb) bird impact to the loss of airfoil tips with no root 
failures. 

The projected elimination of root failures during large bird impact i- 
the OCSEE blade has been achieved by a combination of judicious airfoil and 
dovetail design. More flexibility and strain-to-failure capability has been 
built into the blade root through the vise of hybrid materials. The dovetail 
design provides for energy dissipation through centrifugal recovery and increase 
in friction energy. Figure 8-14 illustrates the magnitude of energy that has to 
be absorbed by the blade at the root, tip, and pitch for the spectrum of 
relative bird velocities for a 1.8 kg (4 lb) bird. This shows that the most 
vulnerable condition and blade impact location is during climb approximatly 91.4 
m/sec (300 ft/sec) and at the blade pitch, respectively. The gross impact 
capability of the QCSEE blade is shown in Figure 8—15. This shows the advan- 
tages of the QCSEE dovetail attachment and the use of hybrid materials over the 
previous fixed-root solid graphite-type blade. 
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Figure 8-14. Eighteen Blade QCSEE Impacted by a 1.81 kg ( 4 lb) Bird 





Energy, joule* 


Figure 



Fixed Hoot 
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D/T Attachment 


8-15. QCSEE Composite Blade Predicted Cross Impact Capabili 




8.2.2 Fan Disk 

The fan disk is a single-piecemachined 6A1-4V tltani ^J[ in 5/f r f in f hrtl _ 
designed for a commercial life in excess of 36,000 hours. This disk is shown 
in Fieure 8-16. Eighteen holes pierce the disk ring to provide for the blade 
trJUL S& retaining the blad.a. The 5£T 

the holes is removed where possible to reduce the dead disk weight ®" d 
the stress concentration around these holes. An integral cone on the aft side 
of th^disk connect the disk to the main bearing shaft through a bolted flange, 
The disk cone is contoured to alleviate LCF problems generatedbytheforward 
and aft cycles of thrust generated during engine operation. Flanges on the 
outside of the disk rim provide attachment planes for the spinner and aft flow- 

path adapter. 

The inside of the disk rim is a turned modified spherical blade bearing 
seating surface for the blade retention bearing (Figure 8-17). This results 
in a low-cost, lightweight disk design with a uniformly stressed rim. The 
blade thrust bearings have mating spherical seats and are mounted “ 

Figure 8-17. The bearing seating surface is not machined P e *‘ ect ^ ®^tw * 
but is designed to become spherical under operating loads. An antifretting 
coat ing wi if be applied between the disk and the bearing, although at the pres- 
sure loadings expected beneath the bearing, fretting is not expected to be a 

problem. 

The UTW fan disk design data are shown in Table 8- IV. 


8.2.3 Blade Support Bearing 

The blade support bearing has a full complement of balls to reduce the 
per-ball loading. Bearing race conformance is a relatively high 514 
extend the bearing fatigue life in its highly loaded environment. AH sur 
rm this bearing will be coated with a tungsten disulfide film* Tests 
on previous General Electric variable-pitch fan bearings have shown this coat- 
ing P pr ovide enough lubrication to enable the bearing to safetly operate for 
9000 flight hours in the event as a loss-of-grease situation. 

The QCSEE support bearing is show in Figure 8-18. Shields attached to the 
outer race create a centrifugal "c " which prevents the grease from leaking 
out in the high centrifugal field w. a the engine is running. Grease will not 
leak from the clearance gaps at the bottom of the shields when the engine is 
nof onlratine due ^Se high viscosity of the grease, provided oil separation 

doe. not occur Choral ^ctrlc ha. con ucced 
tests on various greases and has identified one which has lit tie 
tendency^ to separate even under prolonged periods of higher "g" loads than 
planned^for the QCSEE bearing. The bearing teat rig la ehoun In Figure 8-19. 

Desien criteria peculiar to variable-pitch blade support bearings had 
to be^develope^and applied to the design of this bearing. The unique design 
criteria used in designing the QCSEE UTW bearing are as follows: 
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Figure 8 - 16 . UTW Fan Rotor Disk. 
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Tabic n-IV. UTW Pan Disk Design Data 


Total Blade and Blade Attachment 
Load at 10(ft Mechanical Design Speed 
(3,244 rpm) 


Total Live Rim Load at 100% Speed 


Average Disk Rim Stress at Max. 
Duty Cycle Speed (3,326 rpm) 


Max. Disk Stress at Peak Location 
at Max. Duty Cycle Speed 


Overspeed Capability 


LCF Life with 30 Material 
Properties 


LCF Life with 0.025 x 0.076 cm 
(0.01 in. x 0.03 in.) Initial 
Defect 


270,000 N/blade 
(60,777 lb/blade) 


5,043,691 N 
(1,133,867 lb) 

38.7 x 10 7 N/m 2 
(56,085 psi) 


42.1 x 10 7 N/ro 2 
(61,078 psi) 


4,865 rpm 


> 48,000 Cycles 


> 16,000 Cycles 
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• Single Row Ball Thrust Beating 

• Full Complement of Balls (12) 

• High Conformance (51%) 

• Separable Racer. 

• Lubricant Seals 


Figure 8-18. Blade Thrust Bearing. 


,ITY OF THE 
hi IS POOR 
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j. The blade support bearing system RIO life should be 9000 flight 
hours. This requires an individual bearing BIO life of over »3 
times the system BIO life. The need for this stringent requirement 
is based on the statistical problem of a multibearing system in 
a multiengine aircraft, 

2. Blade bearings will not be dependent upon the grease lubricant 

to obtain 9000 hours between overhauls. This restriction ensures 
that failure will not occur due to loss of bearing grease. 

In addition to normal bearing design criteria, the following 
requirements must also be met, or by definition, failure i. said 
to occur: 

a. An apparent coefficient of friction at the pitch diameter 
less than 0.01. This allows the blade actuator to be 
designed to a maximum capacity with assurance that it will 
not be overloaded because of worn bearings. 

b. Bearing wear less than the bearing preload [approximately 
0.00508 cm (0.002 inch) total wear]. This definition pro- 
vides a simple methou for condition monitoring without rotor 
disassembly. 

3. Ball or race fracture must not occur under the maximum possible 
bird impact loads. The actuation system of an 18-bladed fan in- 
sufficiently powerful to cause secondary damage upon 
any one of the individual bearings. Ball fracture, ? ^ 
cause of such seizure, oust be eliminated ae a potential, problem. 


4. Bearing life calculations are based on the mission/duty cycle 
as shown in Figure 7-1. 


The top bearing race is a spherical surface which is designed in con- 
junction with the disk bearing seat to minimize transmission of warping stress 
to the race under operating conditio. .. This spherical mat £g . 

coated with an antifretting coating to ensure that loss of LCF life of the 
fan disk will not occur. Bearing loads and life predictions are given in 

Table 8-V. 


8.2.4 Blade Retention Trunnion 

The blade retention trunnions mechanically tie the composite blades to the 
fan disk through the blade support bearing. They also provide an attachment 
point through which torque might be applied by the blade actuator to change 
the pitch of the blades. The 0CSEE UTW blade retention trunnion is shown in 
Figure 8-20 (Appendix B) ♦ 


fable 8-v. Bearing Load ,„ d uu Smmty _ 


at e [oo? w 6 ^ 1 ” 8 W " balls 

02«4 1Cnl DeSl8 " 

Bearing Static Load Capacity 

324 f n i ElMUt at 

Individual Bearing BIO Life 


262,392 N (58,988 lb) 
297,812 N (66,951 lb) 

0.0124 cm (0.0049 in.) 
128,190 Flight Hours 


failure* ** —• 

This enaurS thM C ^ S n0t °° ly the but aU of ft! 8 Ut blade 

small composite hi f! th ? event of ««ensive foreign oblL! ! m * tin8 components. 
" IU ba ■££&£** «*“ b ‘ *<*- off aS 

based urethane rubber bmpers^L^the^rd 11 3X18 13 provlded by ester- 
exceptional load absorption L^bilit^ ^iade mount. This material has 
Jet engine oils, fuels, or solTnts ^ 18 n0t affe «ed by commLly used 

The dovetail cint* w-ni u 

S.2M-XS:- , “3 SS.S 

"‘•■““-“v,™ sswssr. * -a—. 

=5^“ - ~ 

si ~= 


270 


Composite Blade 



Figure 8-21. UTW Variable Pitch Fan with GB Actuation System. 





Torque to change the hied, pitch 1. carried through thie device into nating 
splines just above the trunnion threads. 

Outer eliding be.ringe .upper. : th< 'top ol 

washer is made of commercially avail) < characteristics of this material 

molybdenum disulfide. Wear and X °® d t7 expected under preload. This bearing 
are excellent, and no measurable creep is expectc ad un P (0.003 in.) 

serves as a weather seal ^ der ,f ^Hhe eUstic^ parties of the blade 
loose under normal engine speeds du bearing is a very high capacity 

support bearing. T a e °“*** fibers This bearing seats inside the disk and can 

bearing of Nomex and Teflon fib • Thi 8 The high capacity of 

might normally coma in con- 

tact with engine parts. 


8.2.5 Fan Spinner 

The UTW fan has both a rotating^ward^sp^er^dhfl^ath^a^ P^^ are 

shown in Figure 8-1. These P*£® * ^ holes for the blade platforms. To- 

scalloped where they meet to provide “ fan . The spinners will be 

gether they provide the inner *1°WP ial ha8 goo d section stiffness-to-weight 

^dlaf tL £ go”d 6 widoS*ro“rtiea needed for fabricating development hardware. 

The forward apinner 

to the interior of the fan assembly. After je ^ ^ ^ frame are eaaily 

the rotating hardware rep i a ced and the blade actuator or the 

accessible. Blades may be individually P^ ^ kage< This permits removal 

^h^krlirtaasSyNlade actuator, and main reduction gear as a complete 

module. 

Radial fan balance SCI ®" ‘ OSBe ® “‘ 1 ^th 0 ^°ri^OTal”of h the P tplnner. The 

concept *^88 beei d deve”ped°and eucceaafully on General Electric'. CP6-50 

engine . 

The aft flowpath adapter co ntln^ ^the^lnnet^fl^ath bachjo thejan 

OGV’s. A flow discourager seal inhi , which, with the forward 

sjriss ss ss « £ s smss -- «— - - 

reduction gear. 


8.3 OTW FAN ROTOR 

The OTW experimental fan has 28 ^ x ® d "P 1 ^^ J^fan^^This 1 rotor is shown 

(71 in,) fan tip diameter a ° ® f thls fan i 8 based on using composite 

in Figure 8-23. The conceptual design of this tan ^ 



fan blades , but metal blades will be used for reasons of economy and low risk. 
The conceptual composite bladed design dictates the absence of blade shrouds, 
determines the number of fan blades, and affects the sizing of such parameters 
as the blade solidity, reduced velocity, and leading edge thickness. In the 
flight engine, composite blades would be substituted for the metal blades with- 
out aerodynamic change or compromise In the composite blade mechanical design. 
While the demonstrator fan disk is heavier than the composite bladed flight 
weight disk, it reflects a flight configuration In both design criteria and 
material selection. A comparison between the experimental and flight OTW fan 
design criteria is given In Table 8- VI. 

The OTW fan has both a forward rotating spinner and aft flowpath adapter. 
The inner flowpath formed by these two parts and the blade platform is identical 
to the inner flowpath of the UTW fan from a point near the blade trailing edge 
aft. The tip speed of the OTW fan is about 14% higher than for the UTW Fan. 

The OTW fan, reduction gear, and fan frame assembly are shown in Figure 8-24. 


8.3.1 OTW Fan Blade 


The OTW fan blades will be machined 6A1-4V titanium forgings. The steady- 
state operating stresses In the blade are relatively low, reflecting the rela- 
tively low tip speed of this fan. The mechanical design of these blades avoids 
resonance and fan blade instability in the operating range. 

The fan blades are a ''low-flexed" design, i.e., the first flexural frequency 
of the blades is less than two times the per-rev frequency of the fan in its 
operating speed range. Without a thicker blade root, which would have been 
aerodynamically unsatisfactory, low-flexing was necessary because of the lack 
of blade shrouds. ThLs approach, though not common, is used successfully on 
General Electric's TF34 fan and J79 stage 1 compressor blade and was success- 
ful on NASA's Culet Engine C fan. The first flexural blade frequency Campbell 
diagram is shown in Figure 8-25. The frequency of the disk-blade assembly will 
be somewhat lower than the individual blade frequency (solid curve. Figure 8-25) 
due to the flexibility of the supporting fan disk. This allows for some adjustment 
of the 2 per-rev resonant point during final disk design as shown by the two 
dashed lines. This resonance crossover will occur below approach fan speed but 
above flight idle in a region of the performance map not used for steady-state 
operation. The Campbell diagram for the first three modes is shown in Figure 
8-26. In the absence of frame struts or inlet guide vanes ahead of the fan, 
higher order resonances have not been a problem on similar configuration engines 
such as TF34 and CF6, 

As described in Section 8.2.1, reduced velocity is used as a basis for 
comparing instability margins of blading as a function of the air Incidence angle 
on the blade. The design practice is to have the blade stall before instability 
occurs. Blade instability apparently does not occur once the blades are stalled. 
The blades are designed so that when the fan is throttled, stall is expected to 
occur before the emperically predicted blade instability is encountered. The 
blade stability is affected by varying the blade chord and thickness distribu- 
tion which changes the reduced velocity parameter. The operating and stall 
characteristics of this blade are presented in Figure 8-27 in terms of reduced 
velocity versus Incidence angle. This shows an acceptable blade design in 
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Table 8- VI. QCSEE OTH Fan Design Criteria 


4 ' 

'*'■ i 



Demonstrator Flight 


Materials 



Disk 

Titanium 

Titanium 

j; 

Blades 

Titanium 

Composite 


Number of Blades 

28 

28 

> 

Per Blade Centrifugal 
Load. N 

(lb) 

558,696 

(125,600) 

184,156 

(41,400) 

i 

Design Point Speed, rpm 

3792 

3792 

> 

Design Burst Speed, rpm 

5729 

5729 

f 

s 

\ 

jf 

Disk Low-Cycle Fatigue 
Life (Min) 

> 48,000 
Flight Cycles 

> 48,000 
Flight Cycles 

j 

Disk Low-Cycle Fatigue 
Life with IniUal 
0.025 x 0.076 cm 
(0.01 x 0.03 in.) 
Defect 

> 16,000 
Flight Cycles 

> 16,000 
Flight Cycles 


1 

1 






2/Rev 



Figure 8-25. QCSEE OW Fan Campbell Diagram. — First Flexural Frequency 
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Figure 8-26. QCSEE OTW Fan Blade Campbell Diagram 
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Table 8- VII. QCSEE OTW Fan Blade. 


Number of Blades 


28 


Fan Tip Diameter, cm 

(in.) 


180.3 

(71) 


Airfoil Length, cm 

(in.) 


52.1 

20.5 


Aspect Ratio 


2.1 


Average Root Centrifugal 
Stress, N/cm 2 
(psi) 


15,291 

(22,177) 



Blade Tip 

Blade Root 

Chord, cm 

26.31 



20.68 

(in. ) 

(10.36) 

(8.14) 

Max. Thickness /Chord, % 

2.65 

8.6 

Solidity 

1.3 

2.34 
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Span, percent 


Chord, in. 



Figure 8-29. QCSEE OTW Fan Blade Chord Vs Span. 
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SECTION 9.0 


FAN FRAME MECHANICAL DESIGN 


9.1 SUMMARY 

The QCSEE fan frame, for both the UTW and OTW engines, is an integrated 
design constructed of advanced composite materials. Integration of design is 
achieved by combining the functions of the fan stator vanes, fan outer casing, 
and fan frame into one unitized structure as shown in Figure 9-1. This approach 
saves considerable duplication of structure, resulting in a significantly lighter 
weight design. This unitized approach is particularly suited to use of compos- 
ite materials since these materials are more efficient when employed in large 
bonded structures rather than smaller structures which must be bolted together. 

The composite design concept used for the frame is essentially that which 
was developed for and demonstrated by the F101 simulated composite front frame 
shown in Figure 9-2. The concept basically consists of "wheels" in which the 
inner, mid, and outer rings and the spokes are faoricated as a one piece integral 
structure. Two or more of the wheels are then joined together by flowpath 
panels to form the basic frame. This concept, as applied to the QCSEE fan frame, 
is shown in Figure 9-3. Its major advantage is that the major radial load 
carrying structure, the spokes of the wheels, and the major circumferential 
load carrying structure, the ring or hubs of the wheels, are integrally bonded 
structures rather than separate structures which must transfer load by means of 
bolted joints. 

The composite material system selected as the basic material for the 
frame is Type AS fiber in Hercule’s 3501 epoxy resin matrix. This material 
was selected based on the rather extensive data base for the material, its 
good mechanical properties, and its ready availability. 

A mathematical model of the frame was constructed to represent the structure 
shown in Figure 9.3. Externally applied loads were determined and applied to 
the model. Several iterations were made using thicknesses and material ply 
orientations until a design of adequate strength and stiffness was determined. 
This sizing then formed the basis for the preliminary design and the weight 
calculation. 

To verify the structural integrity of the critical joint areas, a sub- 
component test plan was outlined and will be finalized as detail design prog- 
resses. In addition, an element test program was initiated to verify pre- 
dicted mechanical properties for specific orientations required for the frame. 

The frame was designed primarily for the UTW engine and there is no 
difference between the flight and experimental engine design as far as the 
frame is concerned. There are two minor differences between the UTW frame 
and OTW experimental engine frame: there is a slightly different flowpath con- 

figuration over the fan blade and the fan core OGV structure is different. 

These changes are simple to incorporate in the basic frame. The flowpath 
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Figure 9-3. QCSEE Composite Frame 



change can be accomplished by simply adding filler material until the desired 
shape is attained. The fan core OGV structure is a separate bolted-on sub- 
assembly and a separate design will be used. The only difference between the 
OTW experimental engine and OTW flight engine that affects the frame is a 
shift of the mounting system to the outer casing which requires a resizing of 
the frame structure. 

In summary, preliminary design of the QCSEE c imposlte fan frame Is com- 
plete with no Indication of any major problems. A detail discussion of the 
frame design and analysis is presented in the following paragraphs. 

9.2 DESIGN REQUIREMENTS 

9.2.1 Loads 


The engine, including all nacelle and aircraft furnished components 
attached to or mounted on the engine and supported through the engine mounts, 
shall be designed to withstand, within the limits specified, loads defined 
in Conditions I through VI listed in Table 9-1 in addition to the normal range 
and combination of steady-state pressure, thermal, thrust, and torque loads. 
Table 9-II summarizes the bearing loads on the frame for lg down, 1 radian/sec, 
and one composite fan blade out conditions for both UTW and OTW composite frames. 
Air loading on the bypass vanes is shown in Figure 9-4. 

9.3 STRUCTURAL DESCRIPTION 

The UTW and OTW fan frames are structurally identical, and the following 
comments apply to both except as noted. The QCSEE frame is an all composite, 
static structure formed from integration of several separate structures. As 
seen in Figure 9-1, the outer casing of the frame is an integration of the 
nacelle with the frame outer shell. This casing provides part of the external 
nacelle flowlines as well as the internal fan flow lines. Fan blade tip treat- 
ment and containment is provided by the grooved, felt-filled structure inte- 
grated into the forward portion of the outer casing. Positioning of the fan 
and core engine relative to the integral nacelle/outer casing is provided by 
33 bypass vanes which also serve as the fan bypass stator vanes. Therefore, 
the stator vanes serve as structural supports and provide flow turning of the 
fan flow discharge. Flow turning of the fan flow into the core is provided by 
an independent set of outlet metallic guide vanes attached to the forward flange 
of frame hub* The hub of the frame is connected to the splitter through six 
equally spaced struts. The inner shell of the outer casing, and regions of 
the splitter, and the pressure faces of the bypass vanes are perforated to 
provide acoustic suppression within the frame structure. 

The fan core OGV preliminary design is a brazed and machined fabrication. 

The island splitter on the UTW engine will be of formed sheet metal with stator 
vanes penetrating the skins and brazed to them. The stator vanes will be 
supported at the hub through brazed joints into a machined inner casing bolted 
to the fan frame. Both island and stator vane air loads will be transmitted 
through this shell to the fan frame. This fan core OGV stator stage serves to 

turn the fan blade airflow in the new axial direction prior to entering the 
fan frame. 6 
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Table 9-1. QCSEE Engine Loads, 


Limit Loads 

For any one of the following load conditions, all stresses shall remain within 
the material elastic limits. 

Condition I: (Flight and Landing) - See load diagram, Figure 2-2. 

Condition II: (Gust Load) - An equivalent load from a 51. AA m/sec (100 knot) 

crosswind acting at any angle within a plane 1.5708 radians 
(90 degrees) to the axis of the engine, zero-to-maximum thrust. 

Condition III: (Side Load) - A Ag side load combined with 1/3 the equivalent 
load as defined In Condition II, zero-to-maximum thrust. 


Ultimate Loads 

The engine shall not separate from the aircraft when subjected to Conditions 
IV, V, and VI and for static loads equivalent to 1.5 times the loads specified 
as limit loads In metal parts, and 3.0 times the loads specified as limit loads 
In composite parts. 

Condition IV: (Flight-Engine Seizure) - The seizure loads are due to the fan 

and engine basic gas generator decelerating from max imum to 
zero engine speed in one second . 

Condition V: (Crash Load) - The crash load Is defined as lOg forward, 2.25g 

side, and A.5g down at maximum thrust or up to zero thrust. 

Condition VI: (5-blades Out) - The engine shall be capable of withstanding 

unbalance loads caused by the loss of 5 adjacent fan blades 
at maximum rpm (composite blades only). 
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Table 9- II 


QCSEE Frame Radial Bearing Loads 


UTO OTW 

lg Down 


Bearing Radial Load Radial Load 


No. 

Newtons 

Pounds 

Newtons 

Pounds 

1 

3,425 

770 

4,822 

1,084 

2 

1,099 

247 

1,882 

423 

3 

364 

82 

364 

82 

4 

823 

185 

823 

185 

1 radian/sec 

Bearing 

Radial Load 

Radial 

Load 

No. 

Newtons 

Pounds 

Newtons 

Pounds 

1 

27,397 

6,159 

69,232 

15,564 

2 

27,397 

6,149 

69,232 

15,564 

3 

1,699 

382 

1,739 

391 

4 

9,559 

2,149 

9,906 

2,227 

1 Fan Blade Out 

Bearing 

Radial 

Load 

Radial 

Load 

No. 

Newtons 

Pounds 

Newtons 

Pounds 

1 

235,627 

52,971 

226,458 

50,910 

2 

82,852 

18,626 

58,454 

13,141 

3 

7,491 

1,684 

7,451 

1,675 

4 

28,989 

6,517 

19,359 

.,352 
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Engine Size (Radius), cm 
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The frame mechanical design also provides the normal penetrations and 
accessory mounting positions required of other components. Also required is 
firewall-type protection between component parts and any fuel or lubricant. 

This additional objective required that all lube carrying frame passages be 
metallic lined and sealed. 

Oil containment has been achieved by introducing a 360° metallic liner 
attached to the hub of the frame structural rings. This liner provides 
the major interface for all penetrations into the fan sump area. These pene- 
trations include oil in, oil scavenge, PTO shaft, fan speed sensors, fan VP 
drive mechanism, seal drain lines, and the scavenge pump drive shaft shown 
in Figures 9-5, 9-6, and 9-7 for the T 2.5 temperature sensor; six total 
pressure and temperature rakes; and several static pressure taps. 

Fan frame fabrication will be tailored to include the many penetration 
lines at specified steps in the manufacturing cycle. Each frame penetration 
will be sealed at the interface with the oil shield by an 0-ring or other 
gaskets. 

The lines will be of a sheet metal and machined ring welded fabrication 
with local bosses at each 0-ring to support the required clamping force. The 
scavenge tube and the other penetration lines will be welded sheet metal or 
formed tubing fabrication with the required end connections for the 0-ring seals. 

9.4 STRUCTURAL FUNCTIONS 

The QCSEE frame is required to perform the following major structural and 
aerodynamic functions: 

• Provides the main engine forward attachment points for thrust, 
vertical and side loads sustained during flight and ground handling* 

e Supports the fan thrust bearing. 

e Supports the fan radial load bearing. 

• Supports the variable pitch system. 

e Supports the reduction gear. 

• Supports the compressor thrust bearing. 

• Supports the inlet. 

• Supports the aft outer and aft inner fan cowl. 

• Supports the core compressor at the forward casing flange. 

e Supports the fan hub outlet guide vanes. 

e Provides the mounting position for the accessory gearbox. 

Attachment points for all of the above structures are shown in Figure 9-8. 
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Figure 9-5. Fan Frame Service Areas. 
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Figure 9-6. Pan Frame 
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9.5 STRUCTURAL CONCEPT 


The overall structural concept used in the frame consists of three 
basic elements (i.e., structural wheels, shear panels, and reinforcing 
flanges) with each element designed to perform specific load-carrying 
functions. The large wheel-like structures are joined together with shear 
panels which form the bypass and core flowpaths. The frame is then locally 
reinforced with flanges in the outer casing, splitter, and hub areas as needed. 
All of the above mentioned structural elements are shown in Figures 9-8, 9-9, 
and 9-10. 

The structural wheel satisfies several load transfer requirements. 

First, it transfers tensile and compressive radial loads through the struts 
from one casing ring to another. Second, it transfers both normal and bending 
ring loads throughout the ring structure. Third* it transfers any forward 
overturning bending moments that exist in the strut from one casing shell to 
another. 

The shear panels are bonded to the four sides of each wheel cavity and 
serve as the basic load-carrying members between wheels. The panels perform 
the following functions. First, they transfer shear forces between wheels 
imposed on the frame by a forward overturning bending moment. Second, they 
transfer radial tensile and compressive forces between casings imposed on the 
struts by a tangential bending moment. Third, they transfer axial tensile and 
compressive forces between wheels. Fourth, they serve as the airflow surfaces 
within the frame cavities. 

The reinforcing flanges located in either end of each strut or vane perform 
two basic load-carrying functions: first, they transfer tangential bending 

moments out of the struts and into the forward and aft rings, and second, 
they transfer tensile and compressive axial loads between wheels. 

This, then, is the basic design concept applied to the QCSEE frame. 
Completion of the preliminary analysis of the QCSEE composite frame indicates 
that a three-wheel frame concept is adequate to carry all imposed loads. 

The forward wheel is a flat-spoked wheel comprised of splitter ring, a hub 
ring, and six spokes. The middle and aft wheels are flat-spoked wheels 
comprised of an outer casing ring, a splitter ring, a hub ring, six spokes 
integrally connecting the hub and the splitter rings, and 33 spokes integrally 
connecting the outer casing and the splitter rings. The shear panels are bonded 
to the interior of each wheel cavity, and the panels form the airflow surfaces. 
"L" flanges are bonded to the inner and outer rings and flowpath panels. This 
structural concept not only provides a frame with high efficient joints, but 
also results in a structure which is relatively easy to fabricate and repair 
and requires a minimum amount of tooling. Structural soundness is enhanced 
by transferring loads by bonding in many small increments rather than in a 
few large increments. 

The multiplicity of parts does not cause high costs because they are 
stamped out very economically by inexpensive dies and, after layup in a mold, 
are all bonded simultaneously into a sound, Integrated structure. Metal engine 
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Engine 6:00 Position (Aft Looking Forward) 


Figure 9-14, Finite Element Model - Composite Frame. 
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i j 4 The ne ? t step of the anal y® ls Procedure was to establish the most severe 
loading environments for the frame. The frame structure in conjunction with 
the engine mounts, must withstand the maneuver loads as Imposed by the con- 
ditions as depicted in Table 9-1. The frame must withstand these loads and 
maintain structural ^tegrity without permanent deformation. In addition, 
this structure must capable of transmittir” mount loads equivalent to 3,0 
times the worst possible combination of maneu vr loads without expeilencing 
collapsing, even though the members may acquire permanent deformation. All 
ultimate load conditions occur at a room temperature environment. Investigation 
of the mission requirements yielded two critical loading cases. 


.. f Th first c ® se is Condition II (gust loading). Design conditions require 
the frame to withstand three times the loads of a 51.44 m/sec (100 knot) cross- 
wind acting at any angle within a plane perpendicular to the axis of the 

engine at zero-Lo-maximum thrust. This condition sizes the outer nacelle shell 
and bypass vanes. 


The second case is Condition VI (blade out), five-blade-out condition 
requires the frame to withstand the unbalance load resulting from a five com- 
posite blade-out condition on the fan rotor which causes a dynamic, 1/rev radial 

load on the No. 1 bearing support. This condition sizes the core struts, hub. 
and splitter* 

Internal loads, stresses, and deflections in the frame incurred by the 
above mentioned load conditions were analyzed using the MASS computer program 
and the finite element model of the frame illustrated in Figure 9-14. Maximum 
frame component stresses and bond shear stresses for Conditions II and VI are 
shown in Tables 9-III and 9- IV. The maximum radial deflection of the fan 
casing over the fan was 0.086 cm (0.034 in.). Running clearance is 0.254 cm 
(U.l in.). Geometry and material properties of the various composite frame 
components selected for the preliminary QCSEE frame design are shown in 
Table 9-V* 


9.6.1 Weight 

A preliminary weight analysis of the QCSEE composite frame was computed 
using the final model of the preliminary analysis. This weight breakdown is 
shown in Table 9-VI. 


9.7 SUPPORTING TEST DATA 

The composite frame must attach to, and be detachable from, various 
structures at a large number of locations. Also, the composite frame employs 
a large number of structural joints that are integrally bonded rather than ’ 
mechanically fastened together. Therefore, in order to obtain a successful 
composite frame* specimens* subcomponents and components representative of 
various structural frame components shall be required for testing* The 
purpose of the specimens and subcomponents is to allow the designer to 
determine the effect of geometry, fiber orientation, and environmental ex- 

ThiR r m P ^Hni he al J° wabl ® desl 6 n stress levels in these specific components. 
This method permits refinement and improves the efficiency of each component 
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Table 9-V. Geometry and Material Properties of Various Composite Frame Components. 



intermediate modulus graphite 


Table 9- VI. QCSEE Composite Frame Weight Breakdown 


Weight 



kg 

(lb) 

Composite "Wheels”, Rings, 
and Panels 

120.2 

(265) 

Honeycomb 

13.15 

(29) 

Composite Reinforcing 
Flanges 

21.8 

(48) 

Adhesive 

4.53 

(10) 

Inlet Flange 

8.6 

(19) 

Sump Shield 

2.7 

(6) 

Containment 

20.9 

(46) 

Core OGV's 

16.8 

(37) 


Total Weight 


208.68 


(460) 
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Aft Fan Duct Attachment 



Figure 9-16, Subcomponent Test Regions 




SECTION 10. n 


Reduction gear destp.m 


10.1 SUMMARY 
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and General Electric. Scoring wUl be n^tS's"' 3 ^ 6 by bo0 ' Curtfss-Wright 

^fr^„g^r:““iLi a “» vszss^t sun? 
~ •= rSr ” : to -TS2 s i? L * 

tion end noise. "a* high contact ratio also reduces vibra- 

o P era?io b r^i n ®r1rtes r tl 8 nrii%^efr'ho t x. 3nSUre ““*«“■* star gear hearing 

concepts S aTcLer“TO: ISign 0 " Jj^«*»**.*. 313 baaad proven 
approach is expected to resell a 

10,2 DESIGN REQUIREMENTS 

requi^^e^^^^^^^^^^^^^^^^^TFIbll-S^modifi 6 ^ 8116 ^ ln accord — 
designed for the 

re n o2;e™ P t rlmental en8lne eroL tea? or satisfactory operation 

requirements covered in SecMnn o n In Edition to the ceneni 

for the reduction g< ar as presented’ in P Table C lo!i? lrementS haV ® been established 
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Table 10-1. Design Requirements. 


• UTW Gear Ratio » 2.4648 

• OTW Gear Ratio » 2.0617 

• TBO of 6000 Hours Minimum 

• Bearing B1 Life - Over 6000 Hour- 

• Minimum Noise 

• 36,000 Hour Life 

• Min. Efficiency of 99.2% (100% Speed and Power) 

• Experimental Test Cycle Capability 

• Weight » 77.2 kg (170 lb) for Flight Design 


P« 8e ^d C ta°?abu r i0-u" and Speed re, "‘ ire " e " ts f ° r the fUght doty cycle are 


Table 10 

-II. Re 

duction Gear Requirement for Flight Du tv ovrla. 1 

Item Condition 

Time 

% 


O.T.W. 


U.T.W. 

Oil 

In 

Power 

Input 

Output 

Speed 

rpm 

Oil 

In 

Power 

Input 

Output 

Speed 

rpm 

KW HP 

•C °F 

KW HP 

1 Idle 

2 Take Off 

3 Climb 

4 Cruise 

5 Descent 

6 Approach 

7 Reverse 

8 Idle 

6.89 

2.71 

22.22 

31.11 

22.22 

6.67 

0.18 

6.89 

* 

1290 1721 

12900 17214 
10100 13593 
7150 9584 

430 575 

7220 9668 

12900 17214 
1290 1721 

2586 

3861 

3667 

3614 

1361 

3167 

3861 

2586 

92 195 
94 200 

99 205 

110 230 
130 266 

98 207 

91 195 
91 195 

990 1326 

9900 13256 
8410 11288 
6810 9137 

323 433 

6060 8117 
6180 8280 
990 1326 

2100 

3143 

3212 

3237 

1084 

3074 

3447 

2100 

* To be supplied during detail design 





In addition the gearset shall be capable of operating for the alternate 
experimental duty cycle defined in Table 2-III -u " 8 f or the alternate 

and speeds: With the blowing power levels 


100% Power 
100% Power 


12,890 kw (17,214 hp) for OTW 
9900 kw (13,256 hp) for UTW 


100% Nf * 3861 rpm for OTW 
100% Nf ■ 3143 rpm for UTW 
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10.2.1 Lubrication 


Lubrication requirements for the UTW reduction gear for the anticipated 
duty cycle have been established with MIL-L- 23699 oil as shown in Table 10-III. 


Table 10-III. Lubrication Requirements 
for UTW Reduction Gears. 

Operating Condition 

Oil 

Flow 

Oil Pressure 




(gpm) 

N/m* 

(psi) 

1 . 

Idle 

113 

17.9 

152000 

22 

2. 

Take Off 

151 

24.0 

276000 

40 

3. 

Climb 

150 

23.8 

262000 

38 

4. 

Cruise 

145 

23.0 

255000 

37 

5. 

Descent 

113 

17.9 

152000 

22 

6. 

Approach 

139 

22.1 

234000 

34 

7. 

Reverse 

148 

23.5 

262000 

38 


Lubrication requirements for the OTW reduction gears will be supplied 
prior to completion of detail design. 


10.2.2 Envelope 

The UTW and OTW reduction gears shall occupy the same envelope. The 
envelope for the UTW reduction gear is in accordance with Drawing No. 4013157-225, 
Figure 10-2. 


10.2.3 Interfaces 


All interfaces shall be in accordance with Drawing No. 4013157-225; 
the interfaces of OTW and UTW gear sets shall be common (see Figure 10-2). 


10.3 GEAR RATIO SELECTION (UTW AND OTW) 

General Electric originally proposed a single reduction gear design for 
both the UTW and OTW engines, having a compromise gear ratio. At NASA request, 
the approach was modified to individual gearsets having an optimized ratio for 
each engine. 


:U9 









UTW and OTW gear ratios were selected to match the fan design speeds to 
the rpm of the F101 low pressure turbine. The turbine design speed limits 
are as follows: 

F101 Takeoff (8000 hrs life) 7710 rpm 

Max demonstrated (5 min) 8867 rpm 

Calculated disk burst 9405 rpm 

The selected QCSEE engine gear ratios, fan rotor speeds, and resulting 
LPT speeds are tabulated below: 

SLS. 33° C (90° F). TO 

Gear Ratio Fan rpm LPT rpm 

UTW 2.4648 3157 7781 

OTW 2.0617 3863 7964 

The selected gear ratios ope rate the low pressure turbines at or near 
their design corrected speed (N/ /T 49 ) to remain near peak efficiency, while 
observing the constraints of physical speed capability, and integral number 
of gear teeth. 


10.4 REDUCTION GEAR DESIGN FOR UTW AND OTW 


An epicyclic star gear arrangement was chosen to perform the speed reduction 
and power transmission for both the UTW and OTW engines. The star arrangement 
uses concentric internal and external gears with a series of idlers (star gears) 
between them. It is these idlers that distribute the load to many teeth in 
both input and output members. This permits both members to utilize many 
teeth to carry the load in lieu of one as is done in a single mesh. This 
feature greatly reduces the face width required in each gear. 

In addition to its compactness, the star gear is the only epicyclic gear 
train capable of producing the required gear ratios. The idlers rotate about 
their own axes, unlike planetary gears that rotate around the sun gear as well 
as their own axes. This feature eliminates the centrifugal field created by 
rotation about the sun gear thus allowing the star gears to use lighter bearings 
than in a corresponding planetary gear arrangement. Six star (or idler) gears 
are used in the UTW engine and eight star gears are used in the OTW engine. 


10.4.1 Description of Gear Configuration, UTW and OTW 

Both the UTW and OTW arrangements are of similar configuration and are 
interchangeable as units. Although differences occur in face width, number 
of idlers, bearings, and carriers, all Interfaces are the same and both fit 
within the same envelope. 


320 








rhe following description applies to both the UTW and the OTW gearset. 

As shown in Figures 10-3 ^UTW), 10-4 (OTW) , and 10-5 (typical star 
arrangement), the power turbine shaft drives the sun gear through a flexible 
diaphragm and a side-fit flexible spline The sun gear drives a series of 
star gears mounted on spherical bearing) on a stationary carrier. Each of 
the star gears meshes with the ring gear which transmits power to the fan 
shaft through a flexible side-fit spline. 

Tills arrangement provides a modular design that is easily installed without 
complete engine disassembly. 


JO. 4. 2 D esign Approach 

In order to ensure that all members share the load, certain special features 
are required. 

• Flexibility - Both the input and output ends cf the system are 
flexibly mounted to prevent engine deflections from influencing the gear oper- 
ation. 

• Controlled Gear Deflections - The rims of the sun and ring gears are 
contoured so that their deflections match the deflection in the star gears. 

• Self Aligning Star Gears - Double-row spherical roller bearings are 
used to allow the star gears to align themselves with the sun and ring gears 
and thereby minimize the effects of carrier deflections. 

• Monfactoring Hunting Teeth - This combination of numbers of teeth 
results in minimum vibration, low noises and long life . 

e Modular Concept - Install and remove as a unit. 


10.4.3 Reduction Gear Design Conditions 

Table 10-1V shows the key gear and bearing design conditions for the UTW 
and OTW reduction gears and the related Curtis-Wright YT49 turboprop engine 
first-stage reduction gears. 


flg hiding page blank not IW‘- 
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Figure 10-3. QCSEE Main Reduction Gear 
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Figure 10-4. Preliminary Design, Main Reduction Gear 



Figure 10-5* Star Arrangement 
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Table 10- IV. Reduction Gear Design 
Takeoff Condition * 100% Speed, 

Conditions . 
100% Power 



UTW 

OTW 

YT49 

• Turbine Power 

9,900 kw 

12,900 kw 

7,468 kw 


(13,256 hp) 

(17,214 hp) 

(10,000 hp) 

• Turbine Speed (rpm) 

7,747 

7,962 

7,940 

• Pitch Line Velocity 

945 m/sec 

119.3 m/sec 

88.68 m/sec 


(19,118 fpm) 

(23,488 fpm) 

(17,459 fpm) 

• Star Gear Speed (rpm) 

10,577 

14,998 

9,500 

• Bearing Load 

33,900 N 

26,800 N 

27,963 N 


(7,627 lb) 

(6,035 lb) 

(6,297 lb) 


Pitch Line Velocity 

To ensure proper lubrication of the high pitch line velocity gears, 
spraybars are used to distribute oil uniformly across the gear face. The 
angle of the jet is oriented to obtain maximum oil penetration into the gear 
teeth. This means of lubricating gears with high pitch line velocity has 
been successfully applied to several of General Electric’s engine accessory 
gearboxes . 


High Speed Bearings 

To ensure successful operation of the star gear bearings, a bearing 
development test program has been initiated. Since the speed of the OTW bearings 
is higher than that of the UTW bearings, the OTW bearing has the more critical 
operating conditions. 

Low Noise 

In order to minimize noise, the following has teen incorporated into 
the design: 

• Precision AGMA Quality 13 Gears 

• Contact ratio of 2 

• Seven plus pitch gears 

• 20° pressure angle 

• Modified involute at tip and root 

• Hunting teeth 


:<2 7 



both vlbration b and t noise? 8UltS * mlnimum of dynamic forces thus reducing 
10.4.4 Material a 

Table 10-V lists the materials used in the Bear set ah 

Ali e parts Till use 8 the^same P materials 8 in e the e flight b d U ^i Pr6Sent no . 8ur P rlses - 

^^“£-*32 rat r ler 



Table 10-V. 

Gear Set Materials. 


• 

Sun Gear 

AMS 6265 

- 

Carburized 

• 

Star Gear 

AMS 6265 

- 

Carburized 

• 

Ring Gear 

AMS 6470 

- 

Nitrided 

• 

Carrier Support 

AMS 6415 

• 

RC32-36 

# 

Bearing 

- Inner Race 

- Rollers 

- Cage (Steel) 

AMS 6490 
AMS 6490 
AMS 6414 

- 

CEVM M-50 
CEVM M-50 
Silver Plated 

10.4.5 

Reduction Gear Design 





and 0TO b gMrlM VI th * 8 f 8niflca " t Seometry of both the UTW 

radii are kept as large as possible *„ « « th 1 ad to reduce noise. Root 

contact ratio is maintained at 2 This Jesuits in^ot^T^ 0 ”* ^ 
free gearing. results in smooth, low-noise, vibration- 


Contact and Bending Stress 

atreaeestr 1 hlS 1 t I h “»i 0 : IX Sh °“ the caU “ la “< J Saar contact and bending 

the8e*etre88es e waa a used? r8 AliHable^Hr C ^ S °^b^^^* n ^^ f ^ S ^^ ll °^ 0 ^ dc ^^ alatin8 

rss m as-JCS; S5 ^rr^-Lao, 

iLSfS&E; & f ° ~ -r ~ -Tura Tlaa 

experience? 0 trlC ^ b > 
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Table 10- VI. Gear Data UTW 



Sun 

Star 

Ring 

• No. Teeth 

71 

52 

175 

• Diametral Pitch 

7.5321 

7.5321 

7.5321 

• Press. Angle (deg) 

21 

21 

21 

e Pitch Dia. 

23.9 cm 
(9.4263 in} 

17.5 cm 
(6.9038 in} 

59 cm 

(23.2339 in} 

• Center Dist. 

20.7 cm 
(8.165 in) 

20.7 cm 
(8.165 in} 

20.7 cm 
(8.165 in} 

• Tooth Thick 

0.525 cm 
(0.2065 in} 

0.535 cm 
(0.2105 in} 

0.575 cm 
(0.2066 in} 

• Back Lash 

0.01-0.015 cm 
(0.004-0.006 in} 

0.01-0.015 cm 
(0.004-0.006 in} 

0.01-0.015 cm 
(0.004-0.006 in} 

• Root Radius 

0.117 cm 
(0.046 in} 

0.135 cm 
(0.053 in} 

0.089 cm 
(0.035 in} 

• Contact Ratio (min) 

2.0 

2.0 

2.0 


Table 10 -VII. Gear Data OTW 



Sun 

Star 

Ring 

• No. Teeth 

81 

43 

167 

• Diametral Pitch 

7.1884 

7.1884 

7.1884 

• Press. Angle (deg) 

21 

21 

21 

• Pitch Dia. 

28.6 cm 

15.2 cm 

59.1 cm 


(11.2682 in} 

(5.9819 in} 

(23.2319 in} 

• Center Disk 

(8.625 in} 

(8.625 in} 

(8.625 in} 

• Tooth Thick. 

0.537 cm 

0.517 cm 

0.537 cm 


(0.2116 in} 

(0.2254 in} 

(0.2116 in} 

• Back Lash 

0.01-0.015 cm 

0.01-0.015 cm 

0.01-0.015 cm 

( 

0.004-0.006 in} 

(0.004-0.600 in} 

(0.004-0.006 in) 

• Roo t Radius 

0.125 cm 

0.145 cm 

0.0965 cm 


(0.049 in} 

(0.057 in} 

(0.038 in} 

# Contact Ratio (min) 

2.0 

2.0 

2.0 
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Table 10-VIII. Gear Contact Stress Data. 




Max. Conta. 

:t Stress 



Sun 

Stt 

r 

Rina 

UTW 

MN/cnn 

(ksi) 

MN/cm* 

(ksi) 

MN/cm* 

(ksi) 

Plight Cycle 

874 

127 

867 

126 

557 

81 

OTW 







Flight Cycle 

881 

128 

877 

127 

614 

89 

Test Cycle 

1043 

151 

1038 

151 

726 

105 

Allowable Gear Contact £ 

stresses 






AGMA 

1025 

149 

1025 

149 

1025 

149 

C-W Experience 

1103 

160 

1103 

160 

1103 

160 

(Mature Design) 







Table 

10- IX. Gear Bending Stress 

Data. 




Max. Bending Stress 1 





sta 

r . 


ng 

UTW 

MN/cm* 

(ksi) 

MN/ ci&2 

(ksi) 

MN/cm^ 

(ksi) 

Flight Cycle 

249 

36.1 

240 

34.9 

191 

27.7 

Test Cycle 

348 

50.1 

336 

48.8 

267 

38.8 

OTW 







Flight Cycle 

218 

31.7 

195 

28.3 

169 

24.5 

Test Cycle 

306 

44.3 

273 

39.6 

237 

34.3 

Allowable Gear Bending Stresses 






AGMA-10 10 Cycles 

404 

58.6 

270 

39.1 

329 

47.7 

C-W Experience 

414 

60.0 

414 

60.0 

414 

60.0 

(Mature Design) 
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~ T f U th. 

inj the u yw and OTW experimental engines around t -- r f qUir f d to prevent scoring 
index of 149* C (300° P) was used a? 5! 8 ??1 test c ? cle - A maximum scorin- 

fa lls within the medium risk Li wf ? AG ? A scorln 8 d *ta Indicate this ° 
experience indicate that scorlno 8 !’ ^ th General Electric and Curtiss-Wrieht 
this scoring index? TablH^xf ^ Tu ° CCUr ln hl * h ^ity gearing af 
with the flight duty cycle. X1 ^ the SCOrin « lnde * *>r the UTW eng^ne 

gear Efficiency 

conditions for the U^r^Ltion^Lrs ^Thesf^ffi 11 ? 7 Various f light 
ment of 99.2% efficiency. The OTO?£^ Thes ® efficiencies meet the require- 

tte apeclficatioa criteria. ^Also^showft £%£s tSS* T*’ “ 

* «“»• *2* 22 up^the^remalnder° f ** 

Heat Rejection 

OTW gear sLnd* the ^ef f e c t ^ **“ inefficienc *<* in the 

to the gearing. These temperature rises dIus “P erat “ re of the oil supplied 
t^erature do not exceed the capabUitiefo” 

It Should be noted that 20% additio^roil^f^ei 011 fl °? requlred for takeoff, 
other operating conditions will receive oil Dronorf< SUP ? lied f ° r mar 8 in ‘ The 
flows at the other flight condi Mrm® u ^ P° r ti° n al to core speed. Oil 

adequate. C ° n<1Ui0n ‘ have been checked (Tabie 10-ni, and“o U nd 


Bearings 

has thi 8 following S f?r?u?e?: bearin8 Ch ° Sen tG SUpport ‘he star gears. 

• Double-Row Spherical Roller Bearing 

• Integral Gear and Outer Race 

• '’Conventional" Inner Rac«,, Roller, and Cage 

• Oil Feed Through Center of Inner Race 


Inner Race 


Table 10-X. Gear Scoring Index for the 
Experimental Test Cycle. 


Ground Test Conditions 

UTW 


OTW 



r — — — — — — 

AT 


A' 

r 

WmM 

mm 

% Fan Speed 

% Fan HP 

■a 

(°F) 

# c 


HI 

C F) 

°c 

( # F) 

105 

— 


91 

99 

209 

66 

118 

84 

182 

100 



119 

83 

181 

85 

154 

64 

146 

100 



113 

86 

187 

80 

145 

69 

155 

100 

M 

55 

100 

94 

200 

71 

128 

79 

172 

100 

| 

52 

93 

98 

207 

66 

119 

83 

181 

90 

TM 

44 

80 

105 

220 

58 

104 

91 

196 

75 

50 

33 

59 

113 

241 

42 

76 

110 

224 

30 

10 

12 

22 

137 

278 

16 

29 

134 

271 


Max. Permissible Scoring Index Tf ■ 149*C (300°F) 


Table 10-XI. UTW Gear Scoring Index for the 
Flight Duty Cycle. 


Flight 

Conditions 

AT 


Allow. Oil In 

°C 

(*F) 

°C 

(°F) 

Idle 

10 

18 

139 

281 

Takeoff 

52 

93 

98 

207 

Climb 

46 

82 

104 

218 

Cruise 

39 

70 

110 

230 

Descent 

5 

9 

144 

291 

Approach 

36 

65 

113 

235 

Reverse 

36 

64 

114 

236 

Idle 

10 

18 

139 

281 

Max. 

Permissible Scoring Index Tf * 149° C 

: (300°F) 
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able 10-XII, Preliminary Overall UTW Reduction Gear Efficiency 
and Losses for Selected Flight Conditions. 


Takeoff 


Climb 


Cruise 


Descent 


Power Losses 


Bearings 
kw 1 (hp) 


Gears 
kw | (hp) 


13.17 | 32.4 43.40 
29.2 39.06 
22.6 30.38 
13.02 


Churning 
and Windage 
kw | (hp)~ 


16.2 
14.6 
9.1 
.6 


Overall 
Eff. % 


99.36 

99.35 
99.38 

99.36 


Table 10-XIII. Preliminary Heat Rejection - 



Table 10— XIV. Total Oil Flows for Reduction 
Gears at Takeoff. 


Required Flow 
Flow to be Supplied 














This bearing was chosen as the prime candidate based on past experience 
of similar bearings in the Curtis-Wright YT49 turboprop engine first-stage 
reduction gears and the recommendations by SKF Corporation. Other bearing 
manufacturers consulted were Torrington, Food Machinery Corporation, and FAG 
in Germany. Only SKF and FAG showed interest. SKF was chosen since they 
meet the Buy American policy. 

Table 10-XV shows the average loads and speed used to determine the 
bearing Bi life. The results indicate that the bearings can meet requirements 
of both the flight and experimental duty cycle. However, the OTW bearing does 
not yet meet the life objective. Investigations are underway to determine 
what changes can be made to increase the bearing life* Two means of accom 
plishing the requirement are: (1) determine a more realistic duty cycle, and 

(2) change the internal geometry of the bearing. 


Table 10-XV. Bearing Data. 


Type: Double-Row Spherical Roller Bearing 

Mat' Is: Outer Race/Gear - AMS 6265 Carburized 

Inner Race and Rollers - J^50 Tool Steel 


OTW 

UTW 

Bearing P/N (SKF) 

22, 312 

22,314 

Flight Cycle 



Cubic Mean Load 

18,100 N 
(4,066 lb) 

23,500 N 
(5,295 lb) 

Mean Speed (rpm) 

11,357 

8,573 

Bi Life (hr) 

6,384 

6,155 

Test Engine Cycle 



Cubic Mean Load 

20,600 N 
(4,623 lb) 

25,900 N 
(5,817 lb) 

Mean Speed (rpm) 

9,406 

6,629 

Bi Life (hr) 

3,838 

5,455 
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10.5 SUPPORTING DATA 

of thfut^a™ rc.mr^'Sr! *" L“ rthM < a « la <~"“ 

desiano^ +u<*+ 8^^ ® YT49 engine . The seme personnel that 

designed that gear system are now designing the QCSEE gear sjstem? 

The YT49 engine was designed, built, and tested during the mid 1950’s. 

Listed below is a summary of the YT49 engine testing: 

• Bench Tests 290 hours 

• Factory Engine Tests I960 hours 

• Flight Test in B17 and B47 

Flight Test Beds 150 hours 


Table : 

LO-XVI. Comparison of YT49, UTW, 
OTW Gear Sets. 

and 


YT49 

UTW 

OTW 

• Input Power 

7457 kw 
(10,000 hp) 

9900 kw 
(13,256 hp) 

12,850 kw 
(17,214 hp) 

• Gear Ratio 

2.7 

2.465 

2.062 

• Sun rpm 

8000 

7747 

7962 

• Star rpm 

9570 

10,577 

14,998 

• Ring rpm 

2992 

3143 

3862 

• Output Torque 

23,700 Nm 
(17,500 lb ft) 

29,700 Nm 
(21,965 lb ft) 

31,300 Nm 
(23,194 lb ft) 


a " d 

that the star gears are operating at an mm u* u vxdent 

experience* As a result nf u that is higher than previous 

to det.rt.lne ihether « Mt Sf* ' * s l> ec f al investigation was Bade 

Investigation “wealed t^t S ? be “ area for apacial testl ”8- B>ls 

™». «*. OIK. and tie Japeref “u^r belSS “ “'"‘"S 8 f °' tha 
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(low stress). 8y ^ contact ratio), and conservative design 
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